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Logic for a Digital Servo System 
+ a ; 


By R. W. KETCHLEDGE 


(Manuscript received June 27, 1958 


Methods are described for performing comparisons of fast binary numbers. 
These techniques have proved useful in the positioning of cathode ray tube 
beams in a photographic memory. A binary address is compared with a 
digital indication of the present position in circuitry called digital servo 
logic. The output of the servo logic is an analog indication of the positional 
error. Logics are described for obtaining sign only, sign plus magnitude and 
sign plus approximate magnitude. 


I. INTRODUCTION 


Digital storage of information on photographic emulsion is char- 
acterized by the large amounts of information that can be stored on a 
small physical area.! This same advantage also implies the need for 
exceptionally high precision in the access facilities. A memory system 
of this type has been developed which uses a cathode ray tube to interro- 
gate simultaneously a group of photographic plates.2** The access 
problem in this store is to position an electron beam in accordance with 
a binary number to an accuracy of a fraction of a thousandth of an inch 
with microsecond positioning times. The binary address calls for digital 
circuitry, while the high accuracy implies the use of feedback techniques. 

The positioning technique adopted uses a fraction of the storage 
capacity to indicate, in parallel digital form, the present position of the 


1 
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cathode ray spot. This digital indication is then compared with the 


binary number representing the desired position. The comparison is 


performed in circuitry called the digital servo logic. The output of the 
servo logic is an analog error signal which drives the electron beam to 
eliminate the positional error. The use of this feedback technique permits 
the beam position to be determined by the mechanical edges of bar 
patterns on a group of photographic plates. This relaxes the mechanical 
tolerances on the optical system and reduces the need for high precision 
in the electrical circuits. 

The digital servo logic problem is a number comparison problem. 
The number representing the present position must be compared with 
the binary number representing the desired address in order to extract 
the sign of the difference or, preferably, the sign and magnitude of the 
difference. The number comparison must remain valid at all possible 
transition values of the present position number, since this number 
varies continuously during the servo process. 

The transition problem is one of the more difficult aspects of digital 
servoing. The actual position takes on a continuous range of values 
during the servo operation and, consequently, one desires a continuous 
indication of the position, even though the position is being represented 
in “digital” form. Thus, transition values for the position digits must 
operate the circuit satisfactorily. In binary codes where many digits 
change simultaneously difficulties occur because these changes are not 
exactly simultaneous. This has led to the use of standard Gray code to 
represent the present position. In addition, a “pseudo-binary”’ transla- 
tion of the Gray number is required. 

Conventional digital adding and subtracting circuits are unsuitable 
for high positioning speeds because of their dependence upon digits of 
low significance. In normal subtraction logic the least significant digits 
are compared first and the carry process moves towards digits of greater 
significance. One departure of this digital servo logic from a conventional 
parallel subtractor is the use of carries that proceed from the most 
significant digit towards the least. This permits the subtraction process 
to ignore digits which are changing too rapidly to be read. 

Finally, the output of the logic need not be digital. The typical 
requirement is only for an analog signal representing the number dif- 
ference. In most cases, this signal is an error signal, and a rather rough 
approximation of its magnitude is sufficient. However, the analog signal 
must be a continuous representation of the error and, near the desired 
address, fractional cell errors must be corrected. 





LOGIC FOR A DIGITAL SERVO SYSTEM 


II. SIGN-ONLY LOGIC 
2.1 General 


Sign-only methods are less complex than the sign-plus-magnitude 
methods. Also, the sign-only methods are a useful introduction to some 
of the concepts involved. Thus they are described first. The simplest 
of these is binary-binary sign-only logic — logic that gives the sign of 
the difference between two numbers when both are expressed in conven- 
tional binary code. 


2.2 Binary-Binary Sign-Only 


The logic circuit described here takes two binary numbers as voltages 
or no voltage on two sets of leads and produces an output whenever the 
first number is equal to or larger than the second. Modifications can 
also be used to recognize as separate signals “larger,” “‘equal’’ or 
“smaller.” 

The method is to observe the most significant error and to disregard 
all errors of lesser significance. This can be accomplished by comparing 
the numbers digit by digit, starting with the most significant digits 
and disregarding all but the first error found. In other words, the sign 
of the most significant mismatch indicates the sign of the difference 
between the two numbers. 

The logic circuit of Fig. 1 is one which will perform the desired opera- 
tions and yield an output if and only if a,a.a; --- a, is equal to or larger 


3; 


i ; Ly 
ss 









































GiT 


Sail 
: 
J 











r 


Fig. 1 Comparison circuit for binary numbers 
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than bybebs --- b, . Note that this logic is driven by the logical comple- 
ment of the b number. Thus, if the a digits are the output of the optical 
beam position decoder and the b digits are the address of the desired 
beam position, the deflection amplifier may be properly driven by the 
output of the logic circuit. This will servo the beam to the edge of the 
match position. The transition problem limits the practicality of this 
method for servo purposes where transitional values of one of the num- 
bers must be faithfully decoded. This suggests the use of Gray code for 
the present-position numbers. 


2.3 Gray-Binary Sign-Only 


Having binary-binary logic indicates that, for Gray-binary, all that 
is needed is to translate the Gray to binary and then compare. However, 
the translation introduces the same transition difficulties that required 
the use of Gray code initially. Fortunately, the difficulty is avoidable 
by the use of a pseudo-translation of the Gray number. 

To translate a Gray number to binary, reverse any Gray digit which 
is preceded by a | in the binary translation. Thus, a Gray 111 translates 
to a binary 101. The most significant Gray 1 is not reversed since it is 
“preceded” by a binary 0. Thus the most significant binary digit is a 1. 
This reverses the second Gray digit, making it 0 in binary. The least 
significant Gray digit is thus preceded by a 0 and is not reversed. 

The normal translation of Gray to binary is based on a binary number 
that changes as the Gray number changes. The pseudo-translation of 
Gray to binary is based on a fixed binary number. It is useful because 
of the following, somewhat surprising, fact: Choose any Gray number 
and any binary number. Reverse those Gray digits which are im- 
mediately preceded by a 1 in the binary number. This forms a pseudo- 
binary number. If the original Gray number was larger than the binary 
number, the pseudo-binary number, interpreted as binary, will also be 
larger. If the Gray was smaller, the pseudo-binary will be smaller; if 
equal, equal. In other words, pseudo-translation of a Gray number to 
pseudo-binary does not change the sign of the comparison with the 
controlling binary. In the servo logic the binary address is used to 
reverse those Gray digits which immediately follow 1’s in the address. 
The new number so formed can then be compared with the address in 
binary-binary logic to obtain the sign of the difference. Note that the 
pseudo-binary number is still characterized by only one digit transition 


at a time. Therefore, the transition difficulties associated with multiple 


simultaneous digit changes do not occur. 
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TABLE | 


Present Desired Address (Binary 
Position 
(Gray) 010 O11 100 


000 001 001 010 
001 000 000 O11 
O11 010 010 001 
010 O11 O11 000 
110 111 11] 100 
111 110 110 101 
101 100 100 111 
100 101 101 110 


Table I shows the pseudo-binary translation for three-digit numbers 

An investigation of Table I shows the following features: 

i. Corresponding to a given input address, each column yields a 
code where only one digit changes at a time. 

ii. For the numbers lying along the main diagonal in the table, the 
Gray number corresponding to the input address has been transformed 
into the input address number. Thus, a match between the pseudo- 
binary number and the input address indicates that the beam is at the 
desired address. 

iii. All positions above the desired one are translated into numbers 
which, in a binary sense, are smaller than the input number; those 
below are translated into larger ones. 

Property iii indicates that the final step merely involves determining 
whether a particular binary number is greater or smaller than a given 
one. A simple circuit which effects such a determination has already 
been presented. Fig. 2 shows a logic structure for such a Gray-binary 
comparison. 


2.4 Gray-Gray Sign-Only 


Logics have been found which compare two Gray numbers directly 
with polarity reversals controlled by the address. The sign of the dif- 
ference is determined by the most significant mismatch between the 


numbers, except that the sign of this mismatch is reversed if there is an 
odd number of preceding 1’s in the address. Alternatively, one can merely 
translate the address Gray number to binary, and then use Gray-binary 
logic. 

A third method is to treat the Gray address as if it were a binary 
number. With random addressing, it often does not matter where the 
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Fig. 2 — Gray-binary sign-only logic. 


information is stored on the storage surface. Thus, transpositions occur 
in information location, but an independent position is still obtained 
for every address. 


Ill. LOGIC FOR MAGNITUDE AND SIGN 


3.1 General Binary-Binary Considerations 


If both the address number and the position number are in binary 
code, a simple subtraction will establish the difference. In this subtraction, 
1— 1] 0, 

1—0O 
QO— 1 
0 — 0 
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This forms a difference number and three possible values for each of 
its digits, namely, +1, 0 or —1. If these digits are weighted as in ordi- 
nary binary notation (1, 2, 4, 8, ete.) and the indicated sign is applied, 
the resultant number is an accurate measure of the magnitude and sign 
of the difference. However, certain combinations lead to a plus digit 
followed by a succession of minus digits. This cancellation effect makes 
it very difficult to obtain an accurate analog voltage for the difference 
number. This accuracy problem makes it desirable, therefore, to con- 
sider schemes in which large cancellations are avoided. 

In any of the magnitude-determining circuits, regardless of the codes 
used, some form of quantizing or offset should be added to define an 
exact balance point. An added digit can be used to permit a small addi- 
tional drive that will settle the servo in the center of the zero-output 
region of the logic. Alternatively, a small fixed drive in a fixed direction 
can be used so that the net drive in the balance region of the logic is 
small but finite. Typically, it should be equal to a half-cell error. This 
would cause the servo to drive to the transition between a zero output 
for the logic and a one-cell output of sign opposite to the fixed drive 
This latter is probably the easiest method of quantizing, since it does 
not require an additional digit and its corresponding circuitry. 


3.2 A Typical Binary-Binary Logic 


A number of binary-binary logics have been found for obtaining the 
analog magnitude and sign. In general, these compare the two numbers 
digit by digit, developing at each digit outputs and/or carries. The 
carries propagate towards digits of less significance. The outputs feed a 
digital-to-analog converter of a conventional sort. The direction of carry 
in certain cases can result in some outputs being developed from digits 
of high significance which represent too large an error signal. This is 
corrected by the following outputs being generated in the opposite sign. 
So long as this cancellation does not exceed 50 per cent, no large loss in 
accuracy results. In effect, this approach takes a +, 0, — form of the 
binary difference number and translates it into a form where severe 
cancellations cannot occur. In the logic to be described next, all cancel- 
lations have been eliminated by increasing the possible outputs per 
digit from three (+, 0, —) to five (—2, —1, 0, +1, +2). 

The point of departure is to take one binary number, subtract a 
second from it, and obtain a binary difference number whose digits 
may be +1, 0 or —1 but whose digits have the same magnitude signifi- 
cance as a conventional binary number. This binary difference number 
is then modified by logic circuits. Finally, conventional binary-to-analog 
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conversion is used, but each binary digit can drive separately in either 
plus or minus sign and in single or double strength. Therefore, the pos- 
sible outputs on any binary position are +2, +1, 0, —1, —2. Plusses 
and minuses of output are never generated simultaneously on the com- 
parison of any two binary numbers (no cancellations). 


The first mismatch starts a carry, but this carry cannot be stopped 


by a succeeding mismatch of opposite sign. If the first mismatch (most 
significant) is plus, a plus carry is started. This inhibits the initiation of 
any minus carry in less significant digits. A following 0 (match) produces 
a single-strength plus output at that digit’s weight, but a following 
minus mismatch inhibits this single-strength plus output. A following 
plus mismatch combined with the plus carry produces a second single- 
strength plus output and, since in this case the other output is not 
inhibited, a double-strength total is generated. Equivalent rules apply 
on a minus carry. The Boolean algebra representing these rules is given 


below. Each V, represents a “unity” output, and double weight occurs 


when both V,,’s are active; A position digit, B = address digit: 
(+AB,) = B,A,’, 
(—AB,) = B,’A,, 
(following C,) = (+A4B)(C,’)(C_’) + Cy = Cy + (4+4B)(C_’), 
(following C_) = (—AB)(C,’)(C_’) + C_. = C_ + (—AB)(C,’), 
+Vn, = Cy(—AB,)’, 
—Vn, = C_(+4B,)’, 
+Vn, = Cx(+AB,), 
—Vn, = C_(—AB,). 


A logic circuit having these characteristics is shown on Fig. 3. 


3.3 A Use for Binary-Binary Logic 


Transition problems limit the usefulness of binary-binary logics when 
transitional values must be faithfully decoded. However, it can be used 
as an applique in a sign-only servo. A sign-only servo is relatively slow 
for large address changes because of the limited error signal. If more 
speed is desired, it is possible to add a forward-acting positioning circuit. 
This can be a conventional digital-to-analog converter driven directly 
from the address, in which case the servo merely mops up for converter 
inaccuracies. Alternatively, binary-binary logic can be used to add to 
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the existing deflection voltage an additional voltage proportional to the 
change in address. in this case, the old binary address is compared with 
the new address, and approximate positioning occurs on a forward- 
acting basis. The use of binary-binary logic to obtain an analog indica- 
tion of the address change has an accuracy advantage over the use of 
the new address alone for small address changes. This is because the 
digital-to-analog converter is required to convert a smaller number 
when decoding only the change in address. 


3.4 General Gray-Binary Considerations 


The comparison of a binary and a Gray number can take a variety 
of forms, but, as indicated earlier, the objective of high speed has sharply 
limited the techniques considered. The problem again is to find a fast, 
simple method, avoiding carries except toward digits of less significance, 
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Fig. 3 — Binary-binary logic for magnitude and sign. 
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ete. Several methods have been devised. All of the schemes derive from 
the same general observation: merely an observation of the geometrical 
properties of a Gray code and the numerical significance of a change in 
a single digit. 

Consider a conventional Gray code and what happens to its numerical 
value if the first digit is reversed. If the initial number were 100 (7), the 
inversion produces 000 (0) and a change in value of 7 in the example 
chosen. If the initial number were 110 (4), the inversion yields 010, or 3, 
and the change is only 1. Inspection of the geometry of the Gray code 


points up that the position in the sequence of numbers images about the 


natural reversal point of the digit in question. For this three-digit Gray 
code, the first digit changes between 3 and 4, and taking any number in 
the sequence and reversing the first digit merely moves the number to 
the image point and then an equal distance on the other side. Thus, 
changing from 100 or 7 to 000 or 0 means moving from 7 to 3} and then 
moving the same distance past the image point. Therefore, if we know 
how far we are from the image point to start with, we know that the 
digit change represents twice this distance. The obvious conclusion is 
that, for a change in a single digit of a Gray code, the change is twice 
the distance from the image point. 

A further consideration of the geometric properties of the Gray code 
indicates its symmetry about the image point of the preceding digit. 
Take the image point of any digit and observe that the following Gray 
digits are symmetical about the image point. They can thus be used to 
measure the distance from the image point and consequently the effect 
of reversing the preceding digit. The distance to the image point is 
merely the following Gray digits interpreted as Gray but with the first 
following digit reversed. If one uses the binary translation of the Gray 
number being changed, it is possible to use it as a measure of the distance 
to the image point in the Gray code. Thus, the following binary digits 
(or their complement) are also a measure of the image distance. Therefore, 
the magnitude significance of a change in a Gray digit can be obtained 
from either the following Gray or following binary digits. 

None of the foregoing has considered the important case where more 
than one digit is changed at once. However, this is a matter of signs 
rather than magnitudes and is described best in connection with the 
particular schemes. The important point is that, if one is given two Gray 
numbers which differ in only a single digit, the magnitude of the differ- 
ence is obtainable from either the following Gray digits or from the cor- 
responding binary digits of one of the numbers. 
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3.5 A Typical Gray-Binary Servo Logic 


Determination of the mismatches can be obtained by a comparison of 
the two numbers in Gray code. It can also be done in the following way. 
Use the binary address to pseudo-translate the Gray position to pseudo- 
binary. Then compare this pseudo-binary number with the binary ad- 
dress. The mismatches will occur in the same digits, although the direc- 
tions of the mismatches (1/0 vs. 0/1) will be reversed following a 1 in 
the binary address. Recall that this same pseudo-translation was used 
in the binary-Gray method for sign alone. This produces a set of mis- 
matches having values of +, —, 0, as shown in Table IT. 

The difference between the address and position is developed by add- 
ing the components of the difference represented by each mismatch. This 
requires the determination of a sign and a magnitude for each mismatch. 
Table III lists the rules for the magnitudes. 

The weights of the mismatches are obtained as noted above following 


the properties described in Section 3.3. The signs of the mismatches are 
} £ 


reversed following an odd number of preceding mismatches. This is not 
as bad as it might seem. Consider the first mismatch (most significant 

A plus mismatch has a weight equal to the following binary address 
digits in double their binary weight plus one. In other words, gate out 


TABLE I] 


Binary 
Address ene 


Position 100 
Gray 101 
111 

110 

O10 

O11 

OO] 

O00 


TABLE 


Gray Position 
after reversal i 


preceding B, 


0 
0 
twice following binary numbet 
twice the complement of the fol 
lowing binary number 
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TABLE IV 


First Mismatch Second Mismatch Reverse Action 


yes double next output, stop carry 
yes stop carry 


all following binary L’s intoa converter with binary weighting and add 1. 
Now consider the second mismatch. If the first and second mismatches 
are of the same sign they subtract, because the sign of the second is 
reversed. This says, ‘do not energize any more outputs beyond the second 
mismatch.” If the signs oppose, the reversal of the second says, ‘‘put 
out in the same polarity both the following binary and its complement.” 
But that is the same as putting out the next following binary weight at 
double value or the corresponding one at normal. The latter is used here. 
Table IV may clarify this point. 

The corresponding case for an initial minus is obvious. 

FIRST ALL FOLLOWING DIGITS AFTER 

DIGIT (+AB,) (-AB,) LAST DIGIT 
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Fig. 4 — Gray-binary logie for magnitude and sign. 
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This leads rather simply to the following logic and the circuit of Fig. 


t, in which (+AB) and (—AB) are plus and minus mismatches respec- 
tively: 


(following C.,) C,(+AB,)'(—AB,)’ + (C_’)(C4’)(+4B,), 


(following C_) = C_(+AB,)’(—AB,)’ + (C4’)(C 


’\(—AB,), 
(+AB,,)= G,(Bisz1) Bn + Gil (Briy’) Br, 
(—AB,)= G,/(Brsi) Ba’ + Gi( Bay’) B,’, 
(+V.3) = CB, , 
(—Va1) = C_B,’, 
(+Vn2) = C.(—AB,), 
(—Vanz) = C_(+4B,). 
Alternatively, 
(+V,) = C,[B, + (—AB,)], 
(—V,) = C_[B,’ + (+4B,)]. 
The first digit has no preceding carries so 
(following C.,) (+AB), 
(following C_) = (—AB), 
(+V a1) (— Vat) (+ V2) (— Vue) 0. 


The last digit (least significant) must be followed by a +1 contributor 
but no digit mismatch can occur, so 


(+ Vo) €., 


(— Vo) ee 


3.6 Other Gray-Binary and Gray-Gray Logics 


As noted in Section 3.4, the magnitude significance of Gray-to-Gray 
or pseudo-binary-to-binary mismatches can be determined from the 
following Gray digits. These digits can be used in a variety of ways to 
derive appropriate analog signals. Other logic structure variations in 
volve the number of carries used and their significance. Additional 
variations depend upon the form of the drives to the digital to analog 
converter — three-valued, 


five-valued, with or without cancellation, 
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ete. It is also possible to form a set of analog signals and switch these to 
& common output under control of the mismatches. This particular ap- 
proach probably is of value only in relay circuitry, because of the need 
for switching a wide range of analog signals 

In spite of all these possible variations there are common factors. 
Some of these are: the use of mismatches located by Gray-to-Gray or 
pseudo-binary-to-binary, carries which propagate toward digits of less 
significance, digital outputs which are controlled by mismatches of 
digits of equal or greater significance, use of the following digits of one 
of the numbers to develop the magnitude significance of a mismatch, 
creation of an analog signal accurately representing the number differ- 
ence and accurate number comparisons even for transitional values of 
at least one of the numbers 


3.7 The Edge Problem 


In any digital servo, and particularly in those using magnitude as well 
as sign, there is an edge problem. If the digital position information does 
not extend beyond the edge of the servo area, the circuit may fail if it 
gets out of the area. For example, a transient overshoot beyond the 
limits of the normal servo area should produce just as big an error signal 
as would a similar overshoot in the center of the servo area. Otherwise, 
overshoots beyond an edge may fail to produce any drive (or perhaps a 
very small drive) to return the beam to its desired edge position. The 
foregoing implies that it is mandatory to extend the coding of the posi- 
tion of the beam to the extreme limits to which the beam may be de- 
flected. It is always possible to introduce limiters into the deflection 
circuit which will prevent extreme values of excess deflection. However, 
because of drift, these limiters must operate at some distance from the 
actual edge of the servo area. 

One solution to the edge problem appears to be the following: Add 
one digit to the present position number in the most significant position, 
thereby extending it over double the normal range. This does not change 
the width of any digit but merely adds a digit in front of the previous 
number. The binary address is then modified as follows: The first (most 
significant) digit is moved one place in the more significant direction. 
This digit thereby is matched against the digit that was added to the 
code plate. The gap left in the binary address is filled by using the com- 
plement of the first binary address digit. It will be seen that this restricts 
the binary address so formed to numbers beginning with either 10 or O1. 
Thus, this binary sequence covers the center half of the range generated 
by the present position. With this arrangement, overshoots of up to 50 
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per cent in either direction will still generate accurate error signals. One 
other advantage is that the addition of a fixed half-cell drive provides 
full use of all address combinations. 


IV. APPROXIMATE LOGICS 


1.1 General Considerations of Approximation 


All the magnitude-determining circuits mentioned in the preceding 
section are exact. This is a valuable property. However, an ordinary 
servo need not always determine the exact magnitude of the error. Often, 
only the approximate error is required. This may necessitate somewhat 
more loop gain margin, but this is not serious if the error variations are 
not too large. Much of the complexity of the exact error methods is 
attributable to the handling of signs. The signs of each of the individual 
contributions must be properly manipulated to obtain the correct total. 
Considerable simplification is possible if one merely determines the 
magnitude of the most significant error contributor and, in addition, the 
over-all sign of the error signal. In such cases, it is possible thereby to 
determine the over-all sign exactly and to determine the magnitude to 
within +6 db. 

To approximate the difference between a Gray and a binary number 
to within 2-to-1 accuracy, it is sufficient to know the position and direc- 
tion of the two most significant pseudo-binary-to-binary mismatches. If 
these first two mismatches are both of the same sign, only the most 
significant is necessary. When the first two mismatches are of opposite 
sign, the most significant mismatch dominates the sign, but the second 
most significant mismatch may sometimes dominate the magnitude. 
These considerations permit the construction of approximate magnitude 
and sign logics. Such logics can be derived independently or can be 
obtained by simplification of exact magnitude logies. 


1.2 A Typical Approximation Logic 


Fig. 5 shows one type of approximation logic. Here the sign and 
magnitude have been generated separately. A set of outputs, V,, is 
energized to indicate the magnitude, although only the most significant 
V, is to be used. This can be accomplished by decoding each V,, sep- 
arately into an analog signal of the appropriate strength and feeding 
all of these analog signals through an ordinary diode OR cireuit. The 
output of the OR circuit will equal the largest input and indicates the 
approximate magnitude of the error. Note that the digit weights used 
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are not. quite binary. Instead of the usual 1, 2, 4, 8, ete., the weights 
follow the ‘1 + twice following binary” trend, namely, 1, 3, 5, 9, ete. 
Since pseudo-translation of Gray does not change the mismatch pat- 
tern but only changes signs, a Gray-Gray method can be used with in- 
puts composed of the binary address and the pseudo-binary position. 
This simplifies the determination of sign, since the sign is simply that 


of the most significant mismatch. The logic is: 
An mismatch of either sign, 
Cia = Ca + Angi, 
es C,G, + A,4:G,’, 
S, = A,B,C,-1' with OR from all digits. 


Note that G, is the Gray position without any reversals by the binary 
address. The reversal of G, by a preceding binary | is used only to 
form A, 

Note also that only one carry is required and that only OR logic is 
used. This permits the carry circuit to be made of a group of cascaded 
cathode followers. This form of carry has been found to be extremely 


fast. 


V. CONCLUSIONS 


The type of digital servo logic described has permitted the attainment 
of precise high-speed positioning of electron beams. These logics use 
relatively few active elements compared with many other types of ac- 
cess to a comparable complex of addresses. This is because the logic 
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Fig. 5 — Approximation logic. 
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deals with the binary or Gray forms of the address instead of forms such 
as | out of NV, which are less efficient. 

These logics are characterized by carries that proceed toward digits 
of less significance. Thus, the digital outputs are not in the form of 
ordinary binary numbers but, in general, contain digits having more 
than two possible states. Such numbers are still suitable, however, for 
driving an ordinary digital-to-analog converter, Also, the weightings may 
depart from the normal binary values. A further characteristic of these 
logics is their ability to decode transitional values of Gray numbers. In 
other words, if the Gray digits are all 1 or 0 except one, and that digit 
is, say, 0.5, the logic still gives appropriate analog outputs. The key to 
this characteristic is the use of pseudo-binary translation of the Gray 
number. Finally, in the magnitude-determining logics, the following 
digits of the address are used to establish.the magnitude significance of 
a& mismatch, 
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Logical schemes for realizing high-speed digital comparaters are derived 
by Boolean algebra methods. Re quirements for speed and precision place seri- 
ous restrictions on the switching circuits. In particular, the precision require- 
ment makes direct subtraction by the use of analog devices undesirable; the 
speed requirement dictates that any carry structure should propagate from the 
most significant digit toward the least significant digits. Such schemes have 
obvious advantages when only an approximate magnitude is desired. Chang- 
ing numbers in binary code introduces the common transition problem due to 
multiple digit changes; this problem is avoided by use of the Gray code. 

Cireutts satisfying the synthesis requirements and giving the sign and 
exact magnitude of the difference are derived first. These schemes are then 
modified and simplified to give the sign and approximate magnitude. Cir 


cuits giving only the sign of the difference are also derived. 
I, INTRODUCTION 


1.1 Applications 


A digital comparator compares two numbers presented in digital form 
and obtains a measure of the difference between them. Comparison may 
consist of detecting only the sign of the difference or the direction of mis- 
match of the two numbers, or the result of the comparison may be both 
magnitude and sign of the difference. The comparator is essentially a 
subtracter suitably modified to fulfill requirements of the intended 
application. 

An immediate need for a dependable, high-speed digital comparator is 
in the feedback control loop for the flying spot store of an experimental 
electronic switching system.’ R. W. Ketchledge has derived several 


methods of implementing such comparators. In this application the 


comparator functions as an error detector, giving an output depending 


on the difference between the desired input address position and the fed- 
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back present position. By servo action, this difference then acts to elim- 
inate the positional error. The input address is presented in parallel 
digital form and the present position is digitally encoded in parallel. For 
proper holding action of the servo the comparator output should be a 
linear error signal when close to a zero difference. A similar technique 
could be used in applications requiring fast and accurate positioning 
through a precise digital servo action. 

The use of reliable, high-speed comparators in a digital computer al- 
lows greater flexibility of operation. Comparison of numbers, in the 
sequence of a computation, can be used to determine the choice of 
further operations. Since the programmer cannot always know the results 
of a certain operation in advance, a built-in comparison scheme can 
initiate judgement to proceed automatically with subsequent routines. 
Comparison of numbers is frequently employed in sorting and determin- 


ing square roots and dividends.” 


In a broad sense, all measurements can be considered comparisons. If 
the quantity to be measured appears in digital form the types of com- 
parators to be considered here could be used, especially for rapidly vary- 
ing quantities. Unlike an analog device, where precision is determined 
largely by the components and accuracy of driving potentials, the pre- 
cision of a digital device is limited only by the number of digits used. 


1.2 Synthesis Requirements 


Intended applications of the comparators discussed here place serious 
restrictions on the logical form of the switching circuits. For example, 
the extremely high access precision necessary in the flying spot store 
prohibits the use of analog open-loop positioning and requires the use of 
digital closed-loop control. This precision requirement also eliminates the 
possibility of direct, complete analog subtraction of the digital signals 
in the error detector of the servo loop. High-speed operation of the servo 
system implies the use of electronic combinational switching circuits 
with simultaneous operation on all of the digits. 

In a servo operating on the magnitude of the difference between the 
input address and the feedback signal, the value of the feedback signal 
fed into the comparator may be rapidly changing for large differences. 
For example, in the flying spot store servo presently operating only on 
the sign of the error or difference, the beam position moves at a velocity 
of three spots per microsecond. Each spot, corresponding to an ad- 
dress point on the cathode ray tube face, is designated by a digital 
number. With the feedback signal appearing ina binary code, one cycle of 
the least significant digit corresponds to two spots. The frequency or rate 
of change of this least significant digit is therefore 1.5 me. If the feedback 
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signal appears in a Gray code (discussed in Section 2.2) one cycle of the 
least significant digit corresponds to four spots and the rate of change of 


this digit is then half of that for the binary code. For a servo controlled 
by the magnitude of the difference, the velocity of the change of beam 
position is proportional to the difference. As a specific example, consider 


such a proportional servo operating with a Gray code and with an error 
of about 200 spots. The bandwidth required for the least significant digit 
would then be about 200 X 3 me 150 me. 

It is apparent that in such applications the digits of lower significance 
can be changing at such a rate that their use in the comparison or sub- 
traction scheme becomes impractical. The digits of higher weight will 
be better defined and those of lower weight will be blurred, due to band 
limitations. Logical operations, whenever possible, should therefore be 
performed on the more significant digits, and any carries necessary 
should propagate from digits of higher significance to digits of lower 
significance. This synthesis requirement prohibits the use of conven- 
tional parallel subtracters with a borrow propagating from the least 
significant digits. 

In many applications only an approximate, or order of magnitude, 
difference may be required. For such applications it is also advantageous 
to have the carry or carries in the subtraction operation propagate from 
digits of higher significance to digits of lesser significance. Since the 
magnitude of the mismatch between digital numbers is usually deter- 
mined by digits of higher significance, an approximate difference can 
often be obtained without the necessity of the earries propagating 
through all of the digits. This is not possible in a conventional subtracter. 
In either case, however, it is necessary to examine all digits to obtain 
an exact difference. 

There is little loss of generality in assuming that the input address 
number, designated by A, appears in two-rail parallel form, as, for 
example, from a flip-flop register, and that the second number, which 
can be rapidly changing, appears ina parallel binary or Gray-code form, 
designated by B or G. For speed of operation, it is desirable to perform 
as much of the logic as possible on the digits of the fixed number A 
and to have the digits of the changing number B or G travel through 
a minimum number of series gates. This does not mean that minimal 
switching circuits will always be used, however, since there may be 
advantages to either combining or sharing functions in a slightly ex- 
panded circuit. Only functional forms of the switching circuits contain 
ing AND, ORand EXCLUSIVE-OR gates plus inverters will be derived 
here. For economy, flexibility and ease of replacement, an iterated logic 
structure is desirable. The actual electronic circuits used to realize the 
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EXCLUSIVE -OR 





b jaw®bd 


( 








a 
P a 
a a 
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Fig. 1 — Truth tables and circuit symbols for logical operations 


various functions will not be discussed. It should be mentioned that the 
comparators giving both magnitude and sign of the difference are in- 
tended to drive digital-to-analog converters giving an analog output. 
In all cases when the difference is within +1 a linear indication of the 
difference is required if the comparator is to perform properly in a feed- 


back control loop. 
Il. NOMENCLATURE 


2.1 Algebraic Operations 


Synthesis of the logic circuits to be used in the comparators is fre 
quently simplified by the use of algebraic expressions. Boolean or 
switching algebra’ has proved to be a convenient notation permitting 
manipulation of series-parallel two-terminal networks into a variety of 
equivalent circuits, often resulting in simplified or more appropriate 
forms. The quantities involved in Boolean algebra can be represented 
by letters or symbols. These symbols represent signals having discrete 
on-or-off values, represented by 1 or 0 respectively. This convention 
differs from that sometimes used (as, for example, in Ref. 4). Logical 
operations employed here will be briefly defined. 

The AND operation is a logical conjunction or intersection resulting 
in 1 only when both variables are 1. The OR operation is the logical 
disjunction or union, indicated by +, resulting in 1 when either or both 
of the variables are 1. Truth tables and circuit symbols of these opera- 
tions are shown in Fig. 1. As a consequence of these rules, both the OR 
and AND functions are commutative, associative and distributive. For 
example: 


a(b 


(a + by(a 
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An additional concept is the NOT, complement, or negation indicated 
by a prime. The truth table and circuit symbol for this operation is 
also shown in Fig. 1. Since effectively the NOT function is an inversion 
of the signal, the symbol represents an inverting amplifier. Several im 
portant relations follow: 


; 
ada 
ae 
(a’) 
(ab)’ 


The validity of such equations can always be verified by the method of 
perfect induction, or substituting for the variables the two possible 
values, 0 and 1, in all combinations. 

A Boolean algebra is closed under the operations of negation and 
either the OR or AND operations; however, for convenience, we will 
allow both the AND and OR operations. In addition, we will find it 
convenient to use a fourth operation called the EXCLUSIVE-OR or 
“ring-sum”’ defined as 


| 


aQ®@b ab’ + a’b. (] 


This ring sum is | if either a or b, but not both, are 1; it is 0 if both a 
and b are either 1 or 0. The ring-sum therefore detects a mismatch 
between the two digits and is the algebraic expression for the common 
half-adder used in conventional digital adders and subtracters (Ref. 3, 
Ch. 4). Fig. 1 also shows the truth table and circuit symbol for this 
operation. Note in particular that 


a@®o a and a@Il1 
2.2 Codes and Translations 


The type of synthesis used in developing the compurators is depend- 
ent upon the types of codes used to represent the numbers. For this 
reason a brief discussion of codes employed and the translations be 
tween them is included. 

One of the most convenient number systems for logical operations is 
the binary system. Since the number B binbm-»1 +++ bybo is represented 
to the base 2, and therefore each digit b; takes on the value 0 or 1, the 
Boolean algebra described in the previous section can be conveniently 
applied to the digits. The magnitude of the integral number B is repre 
sented in this binary code by 


> v2’, 
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TABLE | 


Binary 


where m is the most significant place. In this conventional binary system 
multiple digit changes occur for every increase by two, and half-way 
through the code all of the digits change. Table I shows the three- 
digit binary code. 

Such multiple digit changes cause difficulties whenever all of the chang- 
ing digits do not change simultaneously. Nonsimultaneous changes of 
the digits may be due to variations of bias, gain, delay or operating 
levels of the individual stages or to misalignment of the coding devices. 
This is the familiar problem encountered, for example, in digitally en- 
coding shaft positions or other analog-to-digital conversions, in digital 
positional servomechanisms, and in pulse code communication.” To 
avoid the difficulty of incorrectly reading a rapidly changing number, 


‘ 7 : ~ . . ° 
a Gray’ or reflected binary code’ may be introduced, in which only one 
digit changes between successive numbers of the code. 


In our algebraic synthesis of various comparators it is convenient first 
to consider both numbers in the conventional binary code and then to 
translate to Gray code the input number, which may be rapidly vary- 
ing. The eyclie reflected binary code, which we will call simply Gray, 
has the convenient property of simple translation to and from the con- 
ventional binary equivalent. Table I also shows the three-digit Gray 
code. 

The method for finding the magnitude of a number G written in the 
Gray code is more involved than is evaluating a number written in the 
binary code. Kach digit g; again has the value 0 or 1, but the weight of 
the ith digit is now (2°* 1) and the sign of each digit not a zero is 
now alternated, starting with + for the most significant digit g,, (where 
gm #~ 0) and alternating in sign for each digit which is not zero. This 
could be termed the decimal translation, and can be written 


m 


G = >) g(2'" — 1)(-—1)9"* 


+=0 
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The usual rule for translating the digits of a number in binary code 
to the digits of a number in Gray code is the following: If the binary 
digit b; is preceded by a 1 (bj, = 1), change the ith digit (g, b; ); if 
it is preceded by a 0 (b:,,; = 0), use the same digit (g; = b;). This can 


be written in the shorthand notation of the ring-sum operation: 


gi b; ® bias ? (3) 


To convert a Gray digit to its equivalent binary form the rule is to 
reverse those Gray digits which are preceded by an odd number of 1’s 
in the Gray digits of higher significance. This can be expressed in terms 
of repeated ring-sums which, in effect, counts the number of preceding 
l’s: 


bi = gi © Gin @ 


Repeated ring-sum operations effectively performs the same function as 
the modulo 2 notation in determining whether a set of digits is odd or 
even. An equivalent Gray-to-binary translation can be obtained from 
the previous binary-to-Gray translation by ring-summing both sides of 
(3) with by; : 


b. @ Dias D diay b; @® 0 _ (4) 
Ill. EXACT PROPORTIONAL COMPARATORS 


3.1 Analog Precision Problem 


Two main requirements imposed on these comparator syntheses are 
speed of operation and precision. Perhaps the fastest method of com- 
parison of digital numbers is simple and direct analog subtraction. A 
typical analog subtracter for obtaining the difference between two binary 
numbers A and B is shown in Fig. 2. An output voltage (or current) 
corresponding to the difference is obtained by shunting suitably weighted 
currents into the summing resistance Fs (or the load). Currents of proper 
magnitude and polarity are obtained from the AND gates controlled by 
the individual digits. 

Although it is possible to build fast analog subtracters, it may be 
difficult to meet stringent precision requirements. Difficulties may arise 
when subtracting large numbers having a small difference. An error as 
small as one half of one part in the maximum value of the numbers can 
possibly even result in an incorrect sign for the difference. Analog meth- 
ods of avoiding these difficulties are not entirely satisfactory. For ac- 
curate results, precision components and well-regulated supplies are 
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necessary. Further complications may result when one of the numbers 
is in Gray code. 

Application of comparators as the error-detecting element in a digital 
feedback control loop usually implies an analog difference output in 
order to drive the control elements. What is desired is a method of 
avoiding direct analog subtraction of two numbers of nearly the same 
size. This problem is illustrated by the examples: 

A LOOO A O111 
B Ol11 B LOOO0 
Diff. +0001 Df. —O001 


We call such a grouping of digits, where a mismatch in one direction 
is followed immediately by consecutive mismatches in the opposite 
direction, a run. Such a run ends when it is followed by a match of the 


digits or a mismatch in the original direction. If the two original input 


numbers can be operated on digitally to eliminate such runs then the 
precision problem can be avoided and analog subtraction can be re- 
tained. 


32 A One-Carry Binary-Binary Comparator 


Since runs of consecutive digits of the type described in the previous 
section lead to difficulties in analog subtraction, it is desirable to trans- 
form the two binary input numbers A and B into an equivalent set W 
and V, in which these runs are eliminated. The equivalence implied 











Di 


Fig. 2 Typical analog subtracter. 
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TABLE II] Trutwa TABLE FoR Carry FUNCTION OF 
OneE-Carry BInAry-BInAry Loaic 


here is that of A — B = W — V (see example on p. 31). Furthermore, 
it is also undesirable to perform analog subtraction of equal-weight 
digits, since a similar precision problem is likely. In this section a simple 
logic scheme for eliminating these runs and avoiding subtraction of 
equal digits is illustrated. Resulting circuits are not the most practical 
for this purpose but will serve to demonstrate the method. The logie will 
be derived in detail to further illustrate the method. 

lor reasons outlined in Section 1.2, comparison of the two numbers 
A and B should start from the most significant digit and proceed toward 
the lower significant digits. Whenever a run starts, i.e., a mismatch 
followed by a mismatch of the opposite kind, the outputs should be 
prohibited. To do this, we can start a carry, or inhibit, function, with 
the 7th digit represented by q; . This carry should then propagate through 


the run and stop at the last digit, so that an output can be permitted. 


In other words, if there is a carry coming in from the next more signifi 
cant digit, 1.e., gis 1, then the carry should continue only if any 
mismatch of the following digits a;; and 6;, is of the same sign. Or, if 
there is no carry coming In, 1.e., gis 0, then a carry should start only 
if a mismatch of the 7th digits is followed by an opposite mismatch in 
the a,;_; and 6;_; digits. A carry is possible only when there is a mis 
match in the digits a; and b;. Table II is a modified truth table giving 
the carry digit for the two conditions q; 4, O and gia 1. The dis 
junctive canonical form for this truth table is obtained from the OR of 
the minimal polynomials for each row. The earry funetion can then be 


written: 
q i+ ‘(a ‘hea ib - r a bia ‘b " 


i1(a;’bia;_1/by, 4 
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TABLE III Trutu TABLE FOR Output FUNCTIONS OF 
OnE-CarryY Binary-BinaRy LoGic 





ay wi 


0 0 
0 
I 
l 
0 
0 
1 0) 
l 0 
* From (5) or the truth table shown in Table II, these conditions cannot oc 
cur and the outputs have been chosen to simplify the final expressions. 


Using the ring-sum or EXCLUSIVE-OR operation introduced in See- 
tion 2.1, this carry can be rewritten as 


qi = (ai @ b;)(a,_1 @® b; i) (Ginn © A: ® Aj-4). (5) 


Outputs are permitted only when there is no carry or inhibit function; 
therefore, a condition for any output is g; = 0. The output digits w 
carry positive weight and the digits v; carry negative weight. If we are 
at the end of a run, with q:,;; = 1, then a positive output is required 


if a 0 and a negative output if a |. These conditions are apparent 


from the examples given in Section 3.1. If we are not in a run, Le., 
qi4t 0, then an output is allowed only if there is a mismatch: a posi- 
tive output for a; = 1 and b, 0, and a negative output for a 0) 
and b 1. Conditions for the outputs are summarized in Table ITT. 
Recalling the condition q, 0, the outputs can be obtained from the 
truth table in disjunctive canonical forms: 


q ‘(q a,b,’ 4+ Gi41 'h’ + qisiai'b,), 
qi (q /a;'b; + i410 b,’ + Gi41d b;). 


Again, using the ring-sum notation, these outputs can be manipulated 
to the equivalent expressions: 


Ww, (a; + b Y(q 11 ® ay), 
(6) 
qi (ai + b)(qisr ® ai)’. 
This form is convenient because forming the ring-sum of the 7th digits 
by the combination a; ® 6, (a; + b,;)(a’ + b,’) allows some of the 
operations in the carries and outputs to be shared. 
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lig. 3 shows the 7th digit of a one-carry comparator utilizing the logic 
of (5) and (6). Since all runs have been eliminated, it is not possible to 
have adjacent output digits of opposite polarity. Nor is it possible in 
have scheme to have both polarity outputs occurring together. ‘These 
properties follow from the equations because the logical products wv, , 
wv; and wv; vanish identically. Under these conditions, subtraction 
of the w; and v; digits can be performed in an analog subtracter such as 
shown in Fig. 2 without encountering the precision problem discussed 
previously. 


3.3 A Two-Carry Binary-Binary Comparator 


It should be apparent, after careful examination of the subtraction 
process for two binary numbers and paying particular attention to the 
runs described in Section 3.1, that many schemes are possible for trans- 
lating the input numbers A and B into an equivalent set W and V meet- 
ing the requirement demanded by analog subtraction. In the previous 
section we derived a comparator logic using a single carry operating as 
an inhibit function. In this section we will outline the synthesis of a 
comparator using two carries which perform the function of permitting 


ay 


by ai 
+ >| 
nas 








Cn 






































One-carry binary-binary comparator 
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the outputs under proper conditions. This scheme has a somewhat sim- 
pler cireuit and has the advantage that the logic can be modified to 
operate with one of the input numbers in the Gray code. Also, if the 
difference is required to be only approximately proportional to the exact 
difference, while still meeting the precision requirements of analog sub- 
traction, then the logic can be further simplified. 

Since an output should be permitted at the 7th digit only when there 
is a mismatch between the digits a; and b;, a necessary condition for 
any carry which permits an output should be the ring-sum a; @ 6, l. 
As described in Section 2.1, this logical operation detects a mismatch 
of either polarity. Let the 7th digit of the carry which permits a positive 
output w,; be designated n; and the 7th digit of the carry permitting a 
negative output v; be designated m,; . 

If there are no carries coming into the 7th digit from the next more 
significant digit, i.e., mi4/mi41’ 1, and if the mismatch is of the type 
a,b,’ 1, then the positive carry should be started. Similarly, if there 
ure no carries coming in and the mismatch is of the type a,’b, 1, then 
the negative carry should be started. Also, if there is a mismatch in the 
ith digit, i.e., a, ® b, 1, with a carry coming in from the next more 
significant digit, then it should be propagated through this 7th digit in 
order to permit detection of the runs discussed in Section 3.1. 

These rules could again be summarized in a truth table from which 


the required functions could be derived. However, it should be apparent 


from the previous description that the carries satisfy the following func- 
tions: 
Positive carry: 
ni = (a; @ D;)(niay’miasaib’ + nia), 
Vegalive carry: 
m (a; ® bj) (nya myj'a,'b5 + mis1). 
These functions can be simplified by algebraic manipulations. In particu- 
lar, using the identities « + a’y xt y and xry'(x @ y) ry’, the 
carries can be rewritten as 
n n.41(a; ® b;) + mis'aib/, 
(7) 
m Mila; G b oR PY 'b: . 
Note from the development of the carry structure that both carries 
cannot exist together. We can show this by noting from (7) that 


nm NeaiiMesrs(a- @ b 


(a: ® by) (Aka, ® Deas) 
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One more substitution gives a factor Nn yiMmyi Which is always zero, 
since the subscript m denotes the most significant digit. Therefore 
nm, = 0, for all k. 

Outputs of a particular polarity are possible only when the carry per- 
mitting that polarity is present. Thus, a necessary condition for a posi- 
tive output w, is n; 1 and a condition for a negative output v; is 
m; = 1. Whenever we are in a run, no output should occur until the 
run is terminated. A positive run is terminated at the ith digit when 
ni, = O or a;-1 1 and a negative run is terminated at the 7th digit 
when m;_; = 0 or a,_, = 0. If we are not in a run but a carry is present, 
then there must also be a mismateh. When n l and a;_, 1 a posi- 
tive output w; is needed, and when m; = | and a;_, 0 a negative 
output v; is needed. Foreing as much logic as possible on one of the input 
numbers will be to our advantage when this comparator is modified to 
operate with one of the input numbers changing rapidly. The output 
functions satisfying the previous description are 

w n,(ni-1’ + aji_), 


; 


v mim; + ayy 
The following example illustrates the formation of the carries N and 
M and the outputs W and V: 


A 
B 


N 
M 


W ee F bb Fg 

V o 0 6 = @ } @ 
lig. 4 shows a typical digit of a two-carry comparator using the logic 
of | 


significant digits, is suitable for driving an analog subtracter, since all 


t 
‘ 


) and (8).* This circuit, with carries propagating from the more 


runs have been eliminated and outputs of equal weight and opposite 
polarity are not possible. The circuit also has the advantage that much 
of the logie is performed on only one of the input numbers. 


3.4 A Two-Carry Binary-Gray Comparator 


For those applications in which one of the input numbers can be chang 
ing rapidly the multiple digit changes of the binary code lead to the 


* Equations (7) and (8) can be manipulated to an equivalent scheme obtained 
by Ketchledge? from other considerations 
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Fig. 4 — Two-carry binary-binary comparator. 


difficulties discussed in Section 2.2. In this case, it is desirable to use the 
Gray code for the changing number and, since the cyclic reflected- 
binary type Gray code has the simple translation property given by 
(3) and (4), a translation of the logic of Section 3.3 can be easily carried 
out. If we make the proper translation of the binary input number B 
into a Gray number G, then the outputs W and V remain unaltered. 

Equation (3) gives the translation from binary code to the Gray code 
used here. From the logic of Section 3.3, if there is a carry coming into 
the ith digit, 1.e., nig. = 1 or miy, 1, then there must have been a 
mismatch of the previous digits, ie., ai. ® bis, = 1. Using the ring- 
sum properties given by (2), the 7th Gray digit under these conditions 
can be expressed as 


11 ® Gi4n © Dina 


> -7. > . . oaey 
Rearranging terms gives 


b, (gi ie) Q;4)' if Aja (2) Devs 


Similarly, if there is a match of the preceding digits, or @;41 ® bi41 0, 
then the carries coming in must also be zero, i.e., Niza = O and my, = 0. 
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Fig. 5 Binary-Gray comparator. 
Under these conditions, the 7th Gray digit can be expressed as 


gi = b; @®a ‘Bs 


b= 9g Odin if ain @ bin = 0. 


These translations can then be substituted in the carries of (7) under 
the proper conditions determined by the incoming carries. The resulting 
logic scheme for the binary-Gray comparator is given by the following 
equations* and appears in Fig. 5: 


Nisi(A; ® Aig, ® Gi)’ + mizs'a(ai4, © Qi)’, 
mM: = Mila; @ aig, ® gi)’ + nizi'a/ (ain, ® Qi), 


Ww; ni(ni-s’ + ai), 


m(m;_1' + a;_1’). 


* These equations can also be manipulated to an equivalent scheme obtained by 
Ketchledge? from other considerations 
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IV. APPROXIMATE PROPORTIONAL COMPARATORS 


1.1 Approximate Binary-Binary Comparator 


In some applications of digital comparators it is not necessary to 
obtain the exact difference. For example, a digital servo will operate 
satisfactorily if the comparator or error detector supplies a control 
signal which increases with increasing error and decreases for decreasing 
error, but which is not necessarily equal to the true error difference, 


except for small errors. It is difficult to build circuits using the logic of 


the previous sections which meet very high speed requirements and it 
is desirable to simplify the circuits as much as possible. The logic schemes 
derived in this and the following section are attempts to simplify the 
circuitry of the exact proportional comparators synthesized previously. 
Again, many variations are of course possible. The particular binary- 
binary approximate comparator synthesized in this section meets the 
further requirement of simple translation to a binary-Gray approximate 
comparator. 

Consider the subtraction of two binary numbers A and B where the 
most significant output occurs in the Ath digit. Then | A — B | will be 
maximum if all the following digits (k — 1, k — 2, ---, 1,0) have the 
same polarity outputs. With the run structure determining the outputs 
as described in Section 3.1, it is not possible to have an uninterrupted 
sequence of opposite polarity outputs start in the next digit. Therefore 

A — B) will be minimum if all the digits starting two lower (k — 2, 

, 1,0) have the opposite polarity outputs. From these considerations, 


k 


AB o* + 2 = 2 + (2° — 1) 


(2' 


and therefore 
(10) 


whenever the most significant difference output occurs in the /th digit. 
This means that, if only the most significant difference digit is allowed, 
the result will always be within a factor of two of the exact difference. 
The same result will be obtained if the output digits of one polarity, say 
w,;, are cancelled by the appearance of digits of the opposite polarity 
v, for i < k. These should of course not be strict rules in the synthesis 
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LOGIC SYNTHESIS OF DIGITAL COMPARATORS 


of approximate comparators since allowing some lower-order output 


digits may frequently improve the approximation. 

When forming carries starting from the more significant digits it is 
still necessary to detect combinations of digits forming runs, as dis- 
cussed in Section 3.1. This restriction avoids some of the difficulties 
when analog subtraction is to be performed on the new output differ- 
ence digits. Two carries will again be used, with the property of deter- 
mining outputs of the correct polarity in the proper digits. 

The logic of this scheme is simplified if all carries are allowed to propa- 
gate unaltered through digits of lower significance. One of the conditions 
for a positive carry n; is then an incoming carry, or n;4, 1, and a con- 
dition for a negative carry m; is mi, 1. If the most significant mis- 
match oecurs in the 7th digit it must necessarily be preceded by a,,; @ 
bi4, = 0. Under these conditions, a positive carry is started if a,b,’ l 
and a negative carry is started if a,’b; = 1. 

Information concerning the end of a run, and therefore the need for 
an output, in the exact comparators discussed previously, was contained 
in the carries and the address number. Examination of the conditions 
ending a positive-type run, e.g., (1000) — (O111), at the 7th digit indi- 
cates that it is necessary to have a, bs, = 0. One of the conditions is 
therefore a;_, 1. This condition will be used in the output expres- 
sions derived later. The other necessary condition for ending a positive 
type run at the 7th digit is a;./b;4 


, 


1. This condition will be used 
to start a carry of the opposite polarity. In other words, we start a 
negative carry m;if there isa mismatch of the previous digits, Le., a4; ¢ 
bisa = 1, and a,b,’ = 1. Similarly, the conditions for ending a nega- 
tive-type run, e.g., (O111) — (1000), at the 7th digit is a;, 0 or 
aj;yb;.. = 1. The first condition will also be used in forming the outputs 
and the second condition will be used to start a positive carry. Thus, 
after the end of a run both carries may be present. The presence of 
a carry at the 7th digit is given by the OR of the above conditions. 

Ne = Near + abi (ainr @ bi41)’ + aiblais, @ Di4)) 

m, Mist + abla & wy) + a/b, (ais, @ Dias 
And, since a’ y’ T 2Y (x @® y)’, these expressions can he rewritten as 

Nisi T a;la 

(11 


mM, m 


Outputs are again formed only when carries are present. That is, for 
a positive output w,; we need n; and for a negative output v; we need m 
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However, first outputs in the case of a run are never allowed until the 
last digit of a run. The end of a positive-type run at the 7th digit, as 
explained above, can be detected by a,, = 0, or by the start of the op- 
posite type carry in the next digit, i.e., m;. = 1. Similarly, the end of 
the first negative-type run at the 7th digit can be detected by a; = 0 or 
n;. Outputs are therefore given by 


Wi = Ni(ai1 + M4), 
(12) 
v; = m,(ay_y’ + ni_)). 

Note that the logic of (11) and (12) also allows a proper output at the 
most significant mismatch which is not the start of a run. Such a scheme 
will give an approximate difference when the outputs are fed into an 
analog subtracter of the type shown in Fig. 2. This difference will always 
be within a factor of two of the exact difference, and the difficulties in- 
herent in analog subtraction when a run occurs in the original input 
numbers, as explained in Section 3.1, do not appear. The following ex- 
amples showing formation of the most significant outputs may help to 
clarify the process: 


A -t10010 A 10010 A 12-0008 .-A4A 109 
BOL1ri?10 8B 01100 B ©1190 8 OO! 


NW PME FB PEO 44 8 24s 
M 00000 M 00001 M 0001 


Ww O0O111 WY OOib ty W OO 11% 
yy 00000 .Y 06000 1 V 00011 


rig. 6 shows the circuit for the 7th digit of this approximate propor- 
tional binary-binary comparator. Note that it is possible in this scheme 
to have outputs of both polarities appearing together. This may also 
lead to difficulties in the analog subtraction of the W and V numbers. 
A simple way to avoid this is to allow outputs only when there is exactly 
one carry present and to inhibit all outputs when both carries are present. 
The output expressions given by (12) should then be modified as follows: 


w; = nym,’ (ay) + m,_1), 
(13) 

v; = mn,’ (ayy + njy1). 
For this type of output the circuit of Fig. 6 should be modified by 
adding the dotted-line inputs to the output gates. This modified scheme 
still gives an approximate difference within a factor two as determined 
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by (10). It also avoids subtracting digits of equal weight in an analog 
subtracter. In fact, if an analog difference is not required, the numbers 
W and V can be used directly as the approximate digital difference. 


4.2 Approximate Binary-Gray Comparator 


Difficulties of using the binary code for an input number which is 
rapidly changing were pointed out in Section 2.2. These difficulties can 
be avoided by translating the varying number into the Gray code, as 
was demonstrated in the synthesis of exact comparators. Again we as- 
sume only the input B to be rapidly changing. 

Examination of the logic synthesized for the binary-binary comparator 
of Section 4.1 shows that digits of. the number B appear only in the ex- 
pressions for the carries and that the only combination of these digits is 
b; ® bj41. From (3), this is exactly the expression used for translating 
from binary to Gray. By direct substitution, the expressions for the 
carries therefore become 


Ni = Nia + a,(ain1 © gi)’ 
mi = Misi + A;(Ai41 ® Qi), 


and the equations for the outputs are not altered. 
Using (12) for the outputs and (14) for the carries results in the ap- 
proximate binary-Gray comparator circuit shown in Fig. 7. As with the 


























mee ow —«4 











Fig. 6 — Approximate binary-binary comparator. 
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binary-binary comparator of the previous section, we can again inhibit 
ull outputs during the presence of both carries by using the dotted con- 
nections shown. 


V. SIGN-ONLY COMPARATORS 


5.1 Modifications of Approximate Comparators 


The approximate comparators of Section IV were largely the result of 
simplifying the exact comparators of Section III. In this section we will 
examine the approximate comparators and attempt to simplify them 
further. All of the previous schemes gave an output which was propor- 
tional to the difference between the two input numbers and also indi- 
cated the sign of this difference. If only the sign is reqitired, with no 
measure of the magnitude of the difference, then it is possible to synthe- 
size simple schemes giving an output on a single lead when one of the 
input numbers is less than or equal to the other input number, or when 
one number is greater than the other. No analog conversion is necessary 
in this case, since the output gives the desired indication directly. How- 
ever, if the sign-only comparator is used as an error detector in a digital 
servo it is still necessary to have a linear error signal when close to zero 
difference. 

Considering again the schemes having both inputs in the binary code, 
it is apparent that the sign of the difference is determined completely 


ou aa 
- 


b————— 
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Fig. 7 Approximate binary-Gray comparator 
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by the direction of the most significant mismatch. In the proportional 


comparators it was desirable to examine the adjacent lower significant 
digits for the start of a possible run and to prohibit any output until the 
end of a run. Since the sign is determined only by the sign of the first 
mismatch it is not necessary to account for any run structure in sign-only 
comparators and the logie is therefore simpler. Whenever the most. sig- 
nificant mismatch is detected, an output should be formed immediately. 
In addition, we should avoid any contrary action due to opposite polarity 
mismatches in the lower significant digits. This function can be performed 
by carries propagating toward the lower significant digits. 

These ideas can be illustrated by an example with both inputs in the 
binary code. Let the output of the 7th digit, designated u; , be zero for 
all digits which precede the first mismatch and also be zero during and 
after the first mismatch if it is of the form a;/b; = 1. Let u; | for the 
first mismatch if it is of the form a,b,’ 1. Then an OR over all u; will 
provide the proper output: 


OR (1u;) 
u«< i < m 


(15) 


Each wu; is determined by the carries present in that digit. A positive 
carry n; should be formed for a positive mismatch, 1.e., a,b,’ l; anda 
negative carry m; formed for a negative mismatch, 1.e., a,’b 1. If 
these carries are allowed to propagate through lower significant digits 
and an output is formed in the 7th digit only if a positive carry is present 
but not a negative carry, then the comparator output given by (15) will 
result. The expressions for the carries in the ith digit and the output at 
the 7th digit are 


Nia. T a,b,’ 


m, Mir + a/b 


The circuit for this logic is very simple, requiring three AND gates and 
two OR gates, each with two inputs for each digit. 

A similar scheme when one of the input numbers is in the Gray code 
can be obtained from the same type of reasoning by using the carries 
of (14) in Section 4.2. Again, the output in the 7th digit is u nm,’ 
The circuit for this scheme is given in Fig. 8. 

An improvement of the logic used in Fig. 8 follows from a close ex- 
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amination of the carries n; and m;. The functions of these carries in this 
sign-only comparator can be summarized: 

i. For all initial match digits there are no carries and therefore no 
outputs. 

ii. Only one carry is present at the first mismatch. This carry deter- 
mines the output. 

iii. If an opposite polarity mismatch occurs after the first mismatch a 
second carry is formed. This second carry inhibits all outputs. 

Evidently then, one carry has been used to permit outputs and the 
other carry to inhibit outputs. These two operations could be performed 
equally well by one carry if the output function were properly chosen. 
When a positive mismatch occurs first at the 7th digit, we require a 
positive output, i.e., vu; = 1. From the positive carry of Section 4.2, a 
positive mismatch at the 7th digit is detected by a,(ai,, ® gi)’ = 1; 
however, this output should be inhibited if a previous negative mismatch 
has occurred. Therefore, we could use the negative carry of Section 4.2 
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Sign only binary-Gray comparator. 
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am-1 am-1 
am 
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1FOR A>B 
OFOR A<B 


Fig. 9 Alternate sign-only binary-Gray comparator 


as an inhibit function on u;. The logic for this scheme then appears as 
uy = a(Ajy, ® gi)’m/, 
(17) 


mM, = Miga + A, (Ai41 @ Qi). 


These equations, together with (15), have the circuit shown in Fig. 9. 


5.2 Other Sign-Only Comparators* 

Assume that the first mismatch occurs between a; and b; ; that is, all 
the digits a; and b; for 7 > j match in corresponding places. If A > B, 
then this first mismatch will be of the form a; = 1 and bd; 0. There- 
fore 

a,b,’ 1, or a;+ 5b; lL #A > B. (18 
Similarly, if A < B, then this first mismatch will be of the form a 0 
and b; 1. Therefore 

a,b; QO, or a;- bh’ 0. BHA < B. (19 


* The comparators derived in this section were previously obtained by Ketch 
ledge? from other considerations 
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lor all digits of higher significance, that is, for all 7 > 7, we have 
ajb; + a/b’ = 1. 
This is equivalent to 
(a; + b,’)(ajb,’)’ l. 


Since (20) holds for all 7 > 7 up to m, we can write 


, 


(Aim + Bm!)(Qm—1 + Dm’) +++ (Qin, + bias’) (a, + 0,’) 


ree a TT Om Dm 1 +e 4 id; r ‘4 + a,b,’ (0. 
Now consider the function 
®, (a, + by’) + rs T Gm Dm 1’ fot Ay ib, a 


for all possible values of & for the conditions A = B, A > B,andA < B. 

Then, if A = B, from (21), &, | for all k. Thatis, the digits match in 
each place so that (20) is 1 for all 7. 

If A > B from (21) and (22), &, 1 for all k. That is, the first mis- 
match will be of the form a,b,’ = 1, by (18). Therefore, ®, 1 and, 
since the digits match for all k > j, we have a, = by or a, + bd,’ rE. 
which is the first term in & . Also, ®, for all k < 7 will include the term 
a jb; 1 as an OR term and will therefore be 1. 

If A < B from equations (21) and (22), ® = 0 for k = 7. That is, 


bm Am-; Ben ' -2 bm 2 
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OFOR A<B 


Fig. 10 — Sign-only binary-binary comparator. 
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Fig. 11 Sign-only binary-Gray comparator. 


from (19), a; + b,’ = 0, and, from (22), anbm’ + 
if the first mismatch occurs in the jth digit. 

If $, is generated in each digit we then have a function which is al- 
ways | if A 2 B and which will be 0 for at least one digit if A < B. 
Therefore, the desired sign detector can be obtained by forming the AND 
over all the ®, 

AND (4) = 1 for A2esB 
“etee (24) 
Oo fe A<~Fs. 


Equations (23) and (24) are implemented in the circuit shown in 
lig. 10. As in the previous developments, it is desirable to modify this 
scheme to operate with one of the input numbers in the Gray code. To 
transform b; to g;, we note that, if the first mismatch occurs in the jth 
digit, then all the preceding digits match. Thus, for 7 > ) 


and 
Substituting in (23) gives 


b, = fag + (Ge ® aear’)| + Ongm’ 


+ Am—1(Gm—-1 © Am’) + 
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As previously, if A G in magnitude, then either a, lL and gy ,@® 
re 0 or a, Oand gx ® agar’ lforO s k < m. That is, 4, l 
for all k. If A > G and the first mismatch occurs for 7 = 7, then ®, | 
for k > j, a; land g; + aj41’ 1. Therefore, ®; = 1, since the tcrm 
ag; ® aj41’) 1 forall kif A > G. If A < Gand the first mismatch 
occurs for 7 = j, then, by transforming (19), we have a; + (g; ® aj41’) 
0, und therefore ®; = 0. 

By forming the AND over all & of the function given in (26) we have 
the desired sign detection: 

AND (4,) , Hor: ae 


(27) 


0, for A <4. 


A circuit performing the operations of (26) and (27) is shown in Fig. 11. 


The circuits of Figs. 10 and 11 could be modified by using the duals of 
the above expressions and changing the output gate to an OR over all /. 
The individual digit functions & would then be changed to AND’s of 
each of the dual terms. 
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The Laddic — A Magnetic Device 
for Performing Logic 


By U. F. GIANOLA and T. H. CROWLEY 


(Manuscript received August 18, 1958) 


The Laddic is a ladder-like structure cut gt of a rectangular hysteresis- 
loop ferrite. The sides of the ladder and all of the rungs are equal in mini- 
mum cross section so that all possible paths are flux-limited. The structure 
presents a large number of possible flux paths. By controlling the actual 
switching path through the structure any Boolean function of n variables 
can be produced. 

A number of methods of operation are discussed, and design formulae 
and experimental results presented. One of the attractive features of this 
device is that the operating currents are not critical. Therefore, it can be 
operated at speeds limited essentially only by the current drives available. 
The output may be taken during the input variable phase or during a sub- 
sequent reset phase. Switching speeds of a few tenths of a microsecond and 
repetition rates of a few hundred kilocycles have been achieved. 


I. INTRODUCTION 


Toroidal cores of magnetic material having a rectangular hysteresis 
loop are widely used as memory and switching elements in logic circuitry.' 
The possibility of simplifying core circuitry by using more complicated 
cores has occurred to a number of people, and several multihole 
core devices for specific applications have been described in the liter- 
ature.» *»4 The present work was initiated to explore the possible 
systematic use of the magnetic “linkages”? between flux patterns in a 
multihole magnetic structure. In particular, it was hoped that core cir- 
cuits could be simplified by replacing the function of coupling windings 
between individual cores by the magnetic ‘‘linkages’’. A structure con- 
taining a continuous network of flux-limited paths was considered, and a 
generalized technique was developed for realizing any class of Boolean 
switching function* in combinational logic by controlling the switching 


* The use of Boolean notation and algebra is described, for example, in Ref. | 


15 
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path through the network. For specific switching functions there are a 


large number of geometries which can be used. In the present paper 


one structure that can be used generally for all combinational logic will 
be described. This specific structure resembles a ladder, Fig. 1, and has 
been named ‘“‘Laddiec,” an abbreviation for ‘“ladder-logic.”’ 


Il. OUTLINE OF PAPER 


The general principle of operation of the Laddic is discussed in Section 
I11. Briefly, the structure shown in Fig. 1 is made out of a rectangular 
hysteresis loop material, for example, a memory-core ferrite. The cross 
sections of its rungs are all equal and the cross sections of the side rails 
are preferably equal to that of the rungs, but may be greater. It is found 
that, starting from a suitable saturation flux pattern, a drive applied so 
as to switch flux in the first rung will switch the flux almost entirely 
through the closest available rung rather than split it among all available 


6 vo 
rungs. 














A 


Fig. 1 Basic Laddie structure. 





In Section LV it is shown how the Laddic is used to generate Boolean 
functions. Briefly, the procedure is as follows. A suitable remanent 
flux pattern is first established by a current pulse through a reset winding. 
One unit of flux, corresponding to the saturation flux through one rung, 
is then reversed in the first rung by applying a clock-pulse current to 
an appropriate winding. An output winding is placed on some other 
rung the last rung, for example. The reset flux pattern was such that 
the reversed flux preferentially chooses return paths other than through 
the output rung. Thus, the output is normally zero. However, if all 
the alternative paths are blocked by inhibiting fields produced by cur- 
rent pulses representing input variables, the switched flux must return 
through the output rung, and an output will be obtained. It will be shown 
that any Boolean function can be realized as the output of a single Lad- 
dic of suitable length. Of course, there are practical limitations on the 
size of the structure and, therefore, to the number of variables that can 
actually be handled. Modified circuits and modified structures will also 
be discussed. 


In Section V some experimental results and design formulae are pre- 
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sented. Because all paths are flux-limited, the operating current margins 


in the Laddic are very broad. The variable currents must exceed a mini- 
mum value proportional to the clock current, but, practically speaking, 
they have no upper limit, which is a considerable advantage. Further- 
more, the variable currents perform only an inhibiting function; that is, 
they are not required to switch flux. Thus, the back voltages induced 
in the variable input windings are very small, so that relatively low power 
sources may be used for the variable inputs. Because the input drives 
have no set maximum, the speed of operation is limited mainly by the 
abitrary maximum set for the drives. Using available materials and 
transistorized driving circuits, this means that switching speeds are 
normally in the region of 1 to 10 microseconds. The materials used are 
those developed for memory cores and, in general, the Laddie is compati- 
ble with core circuitry. 


Section VI presents a general discussion of practical considerations, 
III. PRINCIPLE OF THE LADDIC 


The basic structure is that shown in Fig. 1. Three states of the material 
are considered. The first two are the remanent points for saturation in 
positive and negative senses, and correspond to the “1”? and ‘‘0”’ states 
of a memory core. The third is the point of zero remanent magnetization, 
shown for illustration as state “2” in Fig. 2. It should be realized that 























Fig. 2 (a) Hysteresis loop showing the three states of the magnetization 
considered; (b) graphical representation of the three states 
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state “2” is not arrived at by a sinusoidal demagnetization but by partial 
switching of the core from a saturated state. In the equi-flux networks 
being considered, a convenient model is to represent the state of magneti- 
zation of the material graphically by means of two parallel arrows, each 
in the direction of magnetization, and each representing one-half of 
the remanent saturation flux. Thus, if the arrows are in the same direc- 
tion, the material is considered to be in one of the two saturated states. 
If they are in opposite directions, the resultant magnetization is zero 
and the material is considered to be in state “2”. This enables one to 
represent the state of magnetization by closed flux patterns, as illustrated 
in Fig. 2(b). However, it should he kept in mind that the actual domain 
structure has not been observed experimentally. It is undoubtedly more 


complex than would follow from the simple flux patterns described, 


which are used solely for the purposes of a working model. Nevertheless, 
the model is found to be adequate for practical usage. The additional 
assumption that flux paths are closed within the structure, i.e., air- 
leakage is small, has also been found to be sufficient for the structures 
and materials considered. 

Because of the flux-limited nature of the Laddie structure, when a 
reversal field is applied to the first rung the switched flux is returned 
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Fig. 3 Proportions of the total flux o = fedt switched through rungs 2 and 


3 by a drive applied to rung 1. 
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TABLE I — ge/¢3 FOR DIFFERENT GEOMETRIES 


almost entirely through the closest available path, no matter how large 
the applied drive. To illustrate this, consider the three-rung Laddic 
shown in the inset of Fig. 3. When alternately positive and negative 
current pulses are applied to the winding on rung 1, flux is switched alter- 
nately up and down. The switched flux is returned via rungs 2 and 3, 
the flux returned through each rung being ¢: and ¢; respectively. Fig. 3 
shows experimental values of g2 and ¢3 versus the applied drive /,. 
It will be seen that the flux ratio g2/¢; remains virtually constant once 
the minimum drive current, which is necessary to produce a full reversal, 
is exceeded. The ratio ¢ge/g; depends upon the geometry factor b/a, 
the ratio of rung spacing to side-rail spacing, as illustrated by Table 1, 
which gives experimental values for a manganese magnesium ferrite. 


These ratios are much larger than might be expected. For example, 


considering the case b/a = 1, the mmf acting on rung 2 is three times as 
large as that acting on rung 3. Thus, because the rate of switching in a 
rectangular loop ferrite is proportional to the applied field, it might 
be expected that g2/¢g; be more nearly 3:1 at drives much larger than 
threshold, rather than the 21:1 found experimentally. Obviously, the 
flux-splitting mechanism is complicated by the dynamic magnetic 
reluctances of the two paths. Unfortunately, the theoretical understand- 
ing of the switching mechanism in these materials is incomplete, so that 
a quantitative interpretation cannot be given. The important thing is 
that, under these conditions, the shortest return path containing flux 
that can be switched acts virtually as a magnetic short circuit. 

It follows that the flux paths in the three-rung Laddic for the two cases 
considered can be represented approximately as in Figs. 4(a) and 4(b). 
As discussed previously, the flux in rung 3 is represented as being in the 
“2” state. Clearly, this is only an approximation to the true flux pattern 
because, in accordance with Table I, rung 2 will not in fact be fully 
saturated. 

It is of interest to note that the flux pattern shown in Fig. 4(¢) gives 
the same flux distribution in the rungs as does that in Fig. 4(a). However, 
there is a physical difference. The flux pattern of Fig. 4(c) is that obtained 
following several flux reversals by a drive applied to a winding on rung 2, 
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Fig. 4 Three stable flux patterns in a three-rung Laddic. 


whereas the flux pattern of Fig. 4(a) was obtained following several flux 
reversals by a drive applied to a winding on rung 1. If the initial flux 


pattern is symmetrical, as in Fig. 4(¢), and a further reversal pulse is 
now applied to the rung 2 winding, the switched flux will divide equally 


between rung | and rung 3, as expected because of the symmetry. 
However, if there is a local flux closure, as in the initial flux pattern shown 
in Fig. 4(a), the switched flux shows a preference for the rung | return, 
so that there is a small but significant difference in the flux switched 
through rungs | and 3. This difference is small enough that it need not 
normally be taken into account in describing the Laddic as a device. 


IV. USE OF THE LADDIC IN LOGIC CIRCUITS 


1.1 Basic Procedures 


The operation of the Laddic as an AND gate can now ke explained 
in detail. A symmetrical flux pattern is first established by saturating 
odd-numbered rungs in the upward direction and even-numbered rungs 
in the downward direction, by pulsing a current through the reset wind- 
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Fig. 5 — Applied drives and flux patterns for the normal mode of operation of 
the Laddic. 
ing shown in Fig. 5(a).* The resulting flux pattern may take a number 
of forms, depending on the previous flux pattern. Figs. 5(b) and 5(e) 
illustrate two of these possibilities. The direction of magnetization of 
the rungs is the same in both cases, but the flux closures in the side rails 
are different. This difference produces only small differences in sub- 
sequent flux switching, as discussed previously, and need not be con- 
sidered here. 

If, following the reset, a current pulse is applied to a winding on rung 
1, Fig. 5(d), in a direction to switch flux down, the flux return will be 
through the closest available path, i.e., through rung 2. However, if a 
current pulse corresponding to an input variable A is simultaneously 
present on rung 2, and is in a direction to hold it down, this rung is not 
available. Rung 3 is already saturated upwards, as are rungs 5 and 7, 
so these paths are also not available. Similarly, if inputs B and (C are 
also present and hold the flux in their respective rungs, rungs 4 and 6 

* The reset winding shown in Fig. 5(a) does not necessarily produce the exact 
flux pattern described. However, this turns out to be unimportant for normal 
use of the Laddic and, for simplicity, we have chosen to consider only the pat 


tern shown. In any case, if desired, this pattern could be produced by a suitable 
winding. 





THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1959 


are not available. Thus, if variables A, B and C are all present, then the 
return for flux switched in rung 1 must be through rung 8, and an out- 
put will result. It may be observed that the ouput voltage corresponds 
to a half reversal of the saturation flux, because of flux limiting by the 
side rail. 

An output of the reverse polarity will be obtained during the subse- 
quent reset phase; in this sense, the device also has memory. 

The flux pattern obtained after a Boolean input ABC is shown in Fig. 
5(e). 

Obviously the “hold” currents that are necessary to prevent flux 
from being switched in the variable rungs, must exceed a certain mini- 
mum. However, because they serve only to hold an already saturated 
rung, there is no definite maximum. It follows that, if several separate 
windings are present on a hold rung, a current through one or more of 
them will suffice to hold the rung. For example, in Fig. 5(d) rung 2 could 
be held by individual currents through separate windings representing 
A, , Ao, Ay, +++, Ax, So that the output would be obtained for inputs 
satisfying the Boolean equation F (A, + Ag + Az + -:- + A,)BC. 
It follows that a single Laddie can be used to generate any Boolean 
function of the form 


(Xun 4 X12 Pos a Xin) (Xe 5 Ti Mg * + CR +.--+YN,,,). (1) 


quation (1) is a general form that can represent any Boolean funce- 
tion if the X’s may represent either the variables or their negations. 
In other words, any Boolean function can be generated by a single Lad- 
dic if current pulses are available for all of the variables and their nega- 
tions. 

Since a Boolean function can also be written as a sum of products, 
namely, 


(Xu Xa +++ Xm) Hoes + (Xin Xan +> Xun), (2) 


it follows that another way to generate the function is to use one Laddic 


to generate each term in the sum, and connect the output windings in 


series so that a pulse on any one Laddic appears as an output. 

This second procedure can sometimes lead to a considerable simpli- 
fication of the Laddie circuitry. As an example, consider the alternating 
symmetric function of four variables, which expresses the condition that 
an output should be obtained if, and only if, one or three of the four 
variables are present as inputs. If w, 2, y and z represent the four vari- 
ables, the appropriate Boolean function may ke written as follows: 

wa'y’2’ + way’! + w'a'y2’ + w'r'y’z 


, , 
+ wryz + wey’z + wa'y2z + w'ryz. 
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This expression can be factorized as follows: 
F=(wtaetyt2wtaetyt+27\w+ee’tyt2)\(wteas't+y'4+2) 
(wi tatyt2’)\(wt+aty+2)(w +a +yt+2z)\(w' +2’ +y4+2’). 


This is in the form of (1), so that, using the first design procedure, the 
function could be generated on a single Laddie having eight ‘‘held”’ 
rungs, with four variable windings on each. 

The function can also be rewritten in the following form: 


F=(w+a)y(u’+2')\(ytayt2) t+ yta2yy +2’)\(wt v’)(w’ + 2)- 


Thus, using the second design procedure, the function could be obtained 
by combining the outputs of two Laddices, each having four ‘held’’ 
rungs with two variable windings on each, as in Fig. 6. In this case, a 
total of only 16 variable windings is required, compared to the total of 
32 needed when using the first method. Thus, the wiring is considerably 
simplified. It should be noted that when two Laddies are used to generate 
the variable, as in the present case, the two separate outputs can con- 
veniently be combined in one magnetic circuit, as illustrated in Fig. 7. 
Thus, the alternating symmetric function of four variables could be 
generated as conveniently on a single Laddic, using a drive at each end 
and taking the output from the middle. 

Up to the present it has been assumed that current sources are avail- 
able for both the variables and their negations. Occasionally this may 
not be practicable. In this connection, it should be noted that terms like 
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Fig. 6 — Two-Laddic circuit for generating an alternating symmetric function 
of four variables. 
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r(yi ye +++ yn’) can be produced on a single “held” rung, using currents 
to represent only the variables but not their primes. The procedure is to 
apply the x current, which could either represent a variable or be the 
clock current, in a direction to “hold” the rung. The currents representing 
the variables y are applied in a direction to counteract the ‘holding’ 
drive of x, each being sufficient to prevent the rung from being “held”’. 
Thus, x will “hold” the rung when 1; to y, are absent, but not when one 
or more of them is present, so that the required Laddie output will 
be obtained. This procedure can always be applied if the second design 
procedure, using several Laddics with a common series output, is used, 
because the Boolean expression (2) can always be reduced to a suitable 
form. Therefore, it is not essential to have current sources for both a 
variable and its negation. 


1.2 Modified Procedures 


In Section 4.1 an outline of the basic procedures used in designing 
Laddic circuits was given. In practice, it is often possible to simplify 
the circuitry considerably by modifying the drive and output windings. 
For example, in connection with the alternating symmetric function of 
four variables it was pointed out that the single Laddie circuit could be 
simplified by using two drive windings in place of the conventional single 
drive winding. Since the optimization depends largely on the system 
requirements, a final design may vary from one application to another. 
Thus, it is not practicable to list all possibilities; rather, in this section, 


2 number of representative examples will be given. 


Using the first design procedure, a single Laddie having a total of n 
“held” rungs would be required to generate a term of the type 


(23%2 °° + Xn-1) (Tn + Ung. $+ °° t+ Im); 


that is, n-1 “held” rungs for the first term (a1 +--+ 2,1) and one “held” 
rung for the second term (2, + +++ + 2,,). The same function can be gen- 
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Fig. 7 Illustrating use of a more complicated drive winding; F = AB + CD 
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erated using the four-rung Laddic shown in Fig. 8. In this, the primes of 
the variables x; to x,_; are all used in opposition to the clock drive to 
prevent it from switching at all, and the variables x, to x,, are used to 
“hold” rung 2. The result is a considerable shortening of the Laddic 
required, and therefore a proportionately faster switching speed for a 
given drive. Of course, there is no reduction of the total number of wind- 
ings necessary. 

Occasionally, both the function and its negation are required. The 
negation may be taken from the same Laddic by using an output winding 
which links flux changes in all rungs except the first and output rungs. 
Thus, an output will occur on this winding if and only if no pulse occurs 
on the output winding. In some cases, it may even be simpler to generate 
a function by using the Laddic to generate its negation according to the 
customary method, and to take the output from the negation winding. 
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Fig. 8 Modified Laddic cireuit; F=(2; xe +++ 2, 
lor example, in order to generate F = Byte + Bets + N22. using 
the conventional output winding, the Laddie circuit shown in Fig. 
9(a) is required. Using the negation winding, the simpler circuit shown 
in Fig. 9(b) can be used. The use of more complicated output windings 
of this nature is not generally recommended because the switching speeds 
will vary with the return path, so that the output amplitudes will differ 
for the different combinations of inputs. This is not the case using the 
conventional output. In addition, the signal-to-noise ratio is usually 
worsened, because of the possibility of undesired coupling. If the output 
requirements are not rigorous, output circuits of this kind can be satis- 
factory, but generally the conventional output is preferred. 

A different mode of operation is based upon the following observation. 
If a short-circuited winding is placed around an even-numbered variable 
rung, for example, rung 2, 4, or 6 in Fig. 5(d), an output is obtained from 
the winding on the next available rung, e.g., rung 8 in Fig. 5(d). This 
occurs because, as flux attempts to switch through a “shorted” rung, the 


emf induced in the winding produces a current which opposes the applied 


switching drive in exactly the same manner as the hold currents do in 
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Fig. 9 Laddic circuits illustrating the use of a negation output winding; 


F = x,'x0' + 21'23' + 2223’ = (41' + 22) (21’ + 23’) (22' + 23’); F’ = 21 22’ + 
2123 + PoX3 = (2X1 + Le) (F2’ + 23). 


the normal mode. However, if a suitable opposing emf is introduced 
in the shorted winding, no current will flow, so that the flux ean switch 
through the rung and there will be no output. The opposing emf can 
represent an input variable. In other words, an output will be obtained 
when the input variables are absent. Thus, the operation is almost an 
exact dual to the normal mode, with the constant current sources rep- 
resenting variables being replaced by constant voltage sources. In 
practice, a rung will not be entirely “held” by the self-induced current, 
because the short-circuited winding will have a finite resistance. Thus, 
not all of the flux will be returned through the output rung, and there 
will be a small attenuation of the output signal. 

In all of the examples up to now, the switching drive during the vari- 
able input phase has been considered to be a clock drive, and has not 
represented a variable input. In some applications this is an advantage, 
because the “hold” currents representing variables are never required 
to switch flux, provided that the flux pattern is reset during a subsequent 
reset phase, so that quite low impedance sources may be used. Further- 
more, the timing of the variable pulses is not critical, the only restriction 
being that they be applied before or at the same time as the clock pulse, 
and remain at least until the end of the switching period. For other ap- 
plications, these considerations may be unimportant and, in this case, 
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windings which represent any one of the factors in (1), may replace the 
normal clock winding on rung 1. 


4.3 Modified Structures 


It will be apparent from the previous section that the Laddie strue- 
ture makes a very versatile circuit element. For specific applications, 
an economy in size and windings can sometimes be obtained by using a 
more complicated, less general structure in place of the Laddic. Broadly 
speaking, these alternative structures may be based upon the following 
operating principles as used in the Laddie: 

i. The structure has a number of stable flux patterns. 

ii. A normal or original flux pattern is set up in this structure. 

ili. The tendency of this pattern to change to other fixed flux patterns 
according to the presence or absence of various applied fields is utilized 
to determine the actual switching path through the structure. 

It is not the purpose of this paper to outline a design procedure for 
producing an optimum structure. Instead, one elementary example 
will be given. In Fig. 10(a) is shown the conventional Laddie circuit 
for generating the function «(z+ wy). Because both rungs 2 and 4 can 
be held by variable z, it follows that this part of the magnetic circuit 
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Fig. 10 — Simple illustration of the use of a more complicated structure; 
F = x(z + wy). The main features of the reset flux pattern are shown 
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can be combined as shown in the modified structure of Fig. 10(b). 
It will be noticed that the cross sections of the split rungs carrying varia- 
bles y and w are shown as one-half of that carrying variable z in order to 
preserve a saturated flux structure. This modified structure has one less 
variable winding, and may be shorter than the conventional Laddie cir- 
cuit. 

In the Laddiec structure, no use is normally made of the odd-numbered 
rungs except for the first. These rungs serve only to maintain flux con- 
tinuity in the particular flux patterns used. The same result could be 
achieved by combining them elsewhere in the magnetic circuit, at the 
same time enlarging the side rails to maintain flux continuity, as in 
lig. 11, for example. In Fig. 11 the rungs 1, 2, 4, 6, 8 and 10 are labelled 
to correspond to the like rungs of the Laddic, Fig. 5, and the remaining 
odd-numbered rungs are considered to be collected together on the left- 
hand side of rung | to provide the flux returns for the reset flux pattern 
as illustrated. Operation would then be as in the Laddic, the flux in rung 
| being reversed by the clock drive, rungs 2, 4, 6 and 8, being “‘held”’ 
by variable inputs, and an output being taken off rung 10. 

It might be thought that this structure would give a gain in switching 
speed because the distance between rung | and rung 10 is reduced. How- 


ever, experimentally the switching speed is found to be characterized by 
a switching path length such as ABCD, rather than the shorter path 


abed. The distance aA is approximately equal to the sum of the widths 
of the intermediate rungs. Thus, there is little actual gain in switching 
speed. More serious is the fact that the flux limiting action of the side 
rails is reduced, and the signal-to-noise ratio degenerates. Accordingly, 
the conventional Laddic structure is considered preferable. 








Fig. 11 Modified Laddie structure. 
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Fig. 12 Combination of Laddies on a single sheet. The normal reset flux 
pattern is shown. 








Another advantage of the Laddie structure is that it is compact later- 
ally, so that it is practicable to combine several adjacent Laddics on a 
continuous sheet, as illustrated in Fig. 12. The guard spaces shown are 
sufficient to prevent any interaction between the adjacent Laddiecs. 


1.4 Cascading Laddics 


There is never any necessity for cascading Laddies for combinational 
logic, since the desired result can always be realized using single Laddic 
circuitry. In fact, the latter is inherently more efficient, because a cas- 
cade circuit must provide additional power to allow for dissipation in 
the coupling loops. A cascade circuit can produce some simplification in 
cases where the output of one Laddic can provide a common input for 
a number of others. The design problems here are reasonably straight- 
forward and need no discussion, 

In the following, two methods for coupling Laddies for sequential 
operation will be deseribed. 

The first method is illustrated in Fig. 13. The output of the first Lad- 
dic is used to provide the switching drive for the second. During phase 
, , the first Laddic is “set” by its input variables, and the second Laddie 
is reset. During phase #, , the second Laddic is set, the first Laddie being 


simultaneously reset to provide the appropriate advance current. Clearly 
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Fig. 13 First method for cascading Laddics. 


the intermediate “hold” rungs play a secondary part only in the advance 
operation, since they are not included in the coupled switching path. 
Thus, when considering the advance operation, the Laddic may be 
treated as a conventional core of the same peripheral length. It follows 
that Laddics may replace cores in conventional core circuits for sequen- 


tial operation, and that an intermediate diode circuit or a transistor is 
necessary to prevent back propagation.’ Because additional logical 
inputs may be inserted at each stage of the cascade, the Laddic circuit 
can be more versatile than the corresponding core circuit. 

A second possibility for coupling Laddies is illustrated in Fig. 14. In 
this case, the output of the first Laddic is used to provide the hold cur- 
rent for a rung of the second Laddic. As before, the clock phase 4, of 
the first Laddie coincides with the reset phase of the second, and _ vice 
versa for ,. This procedure appears promising at first sight because 
there need be no diode in the coupling loop. Furthermore, a high coupling 
efficiency might be anticipated, because the advance current is not re- 
quired to switch flux in the held rung of the second Laddic, and so the 
back emf is small. However, the coupling efficiency is actually limited, 
because a resistance must be included in the coupling loop. Otherwise, 
as discussed in Section 4.2, the loop would act as a short-circuited turn 
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Fig. 14 Second method for cascading Laddies. 
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Fig. 15 — Photograph of experimental Laddies. 


and hold the coupled rung of the second Laddie even when there is no 
output from the first Laddic, thus making the output of the second 
Laddic independent of the first. To allow for the power dissipated in R 
the turns ratio Nm/Nn in the coupling loop must exceed unity. A de- 
tailed analysis has shown that these requirements are necessarily differ- 


ent for each stage of the cascade, becoming more rigorous with each 
successive stage. It is considered that a two-stage diodeless cascade is 
the only case worthy of practical consideration. 


V. EXPERIMENTAL RESULTS AND DESIGN FORMULAE 


5.1 Experimental Laddics 


For experimental purposes, Laddics are cut out of a ferrite sheet, us- 
ing an ultrasonic cutter. Fig. 15 illustrates the size of Laddies which 
have been used. The smallest unit was made from a sheet of cadmium 
manganese ferrite 30 mils thick, the width of the rungs and side rails 
being 15 mils, the spacing between rungs 15 mils and the spacing be- 
tween side rails 50 mils. In order to improve the signal-to-noise ratio, 
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the output window is sometimes enlarged by cutting out some of the 
rungs as in one of the units shown in ig. 15. The actual dimensions 
used were chosen somewhat arbitrarily, keeping in mind the convenience 
of fabrication and handling. As will be shown later, from the point of 
view of minimizing drives for a given switching speed, the over-all 
length should be as small as possible. When used with single turn wind- 
ings, the units shown can be driven by a transistor pulser. The output 


for a given drive—that is, fora given switching speed—is approximately 


proportional to the cross section of the rung (A em’), and to the rem- 
anent flux density (B, gauss) of the material. For an output waveform 
approximately rectangular in shape, the mean output voltage per turn 
Kis E = B,A X 10-%/r volts, where 7 is the switching time in seconds. 
For the experimental units, B.A & 5.8 and a normal range for + was 
| to 5 microseconds. 

The requirements on the structure and material are not very stringent. 
The best signal-to-noise ratios are obtained with close dimensional con- 
trol, although a relative dimensional tolerance of 5 per cent is found to 
be adequate in practice. For the same reason, the material should be 
homogeneous and have a good squareness ratio B,/B, . The best material 
from the point of view of minimizing drives has a low threshold field 
for switching, HW, and a small switching time constant, s. From the 
point of view of maximizing the output, B, should be as large as possible 


Fig. 16 Signal and noise outputs for the circuit shown in Fig. 17. The vertical 
calibration is 0.01 volt/turn/large division. The horizontal calibration is 1 us 
large division. The variable currents were all equal and equal to the clock current, 
which was 0.8 ampere. Single-turn windings were used 
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In practice, available memory core ferrites for which B, 2400 gauss, 
Hy, = 0.17 oersted, B,./B, ~ 0.92, and s & O08 oersted microsecond 
are reasonably satisfactory. 

Representative output waveforms are shown in Fig. 16, which is dis- 
cussed in the next section in connection with Fig. 17. 

The important parameters of the Laddic are the values of the mini- 
mum currents needed to hold the variable rungs and the switching speed, 
for a given drive, switching path and material. Useful design formulae 
are derived in the following sections. 


5.2 Hold Currents 


As discussed previously, the hold currents necessary to prevent flux 
from being switched in the corresponding rungs must exceed a certain 
minimum. This minimum is proportional to, and obviously less than, 
the switching drive current, and decreases with the distance between 
the held rung and the driven rung. The following simple treatment gives 
a relation between the minimum hold currents, drive current and switch- 
ing path, which agrees satisfactorily with experiment. These assumptions 
are made: 

i. During switching the amount of flux by-passed from the desired 
switching path by the held rungs and the saturated rungs of the Laddic 
is negligible. 

ii. The reluctance of the side rails, and of the input and output rungs, 
is linearly proportional to their length. 

iii. The concepts of static magnetic circuitry can be applied to the 
dynamic switching problem for the particular problem considered here. 

The first assumption can be justified because there is a difference of 
at least two orders of magnitude between the relative permeabilities of 
switching and nonswitching paths in a rectangular loop material. The 
second assumption can be only a first-order approximation, because the 
reset flux pattern is such that the initial reluctance of a side rail may 
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Fig. 17 Experimental Laddie circuit; F 
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Fig. 18 Diagram to show peripheral lengths referred to in the text. 











not be uniform along its length. The justification for the third assump- 
tion is that it has been shown to be useful in a previous study of a 
dynamic magnetic circuit.® 

Let L be the mean length per window of the Laddic, and let W be 
the mean width, Fig. 18. Let a switching mmf /, be applied to rung 1, 
and let holding mmf’s M,, M,, --- M,, «++ My_2, which exactly bal- 
ance the switching mmf’s appearing across them, be applied to the even- 
numbered rungs 2 to (NV — 2), inclusive. Thus the switching flux return 
is through rung NV. In this case, according to assumptions i, li and iii, 
the ratio M,,/M, will be equal to the ratio of the reluctance or length 
of the portion of switching path BCD beyond rung n to the total switch- 
ing path ABCDA, Fig. 18. Thus, 


M,_ BCD _W+2N-m)L _N-n+W/2L ( 


M, ABCDA 2W+2N-1L N-—-1+W/L’ 


For the smallest Laddic dimensions shown in Fig. 15, W & 21, and 
M,,/M, is tabulated for this case in Table IT. 

Experimentally, the minimum hold drives (1/,,).x» necessary to operate 
the Laddic were determined by adjusting the holding currents to the 
minimum values necessary to produce maximum switching of flux in 
rung NV, when a switching drive was applied to rung 1. The ratios 7,,/M, 


TABLE I] Ratios oF Minimum Ho.wp Drive M, To CLock Drive 
M, For THE Case W 


n 


0.20 
0.29 
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were measured for all of the input-output conditions covered by Table 
II, and for two typical values of the rung 1 drive, M, = 0.3 ampere 
turn, and M, = 0.65 ampere turn. Experimental accuracy was about 
+10 per cent. It was found that the experimental ratios agreed with 
the predicted values to within +15 per cent. When comparing the 
experimental and predicted values, it was assumed that (/,)..) was 
equal to M, — M., where M, is the effective bias mmf in the rung due 
to the coercive field of the material. For the present case, H, = 0.17 
oersted, and rung length is 50 mils, so that /,. & 0.02 ampere turns. 
It is concluded that (3) is an adequate representation for design pur- 


poses, 


5.3 Signal-to-N oise-Ratio 


In principle, there is no upper limit to the hold currents. However, 
the signal-to-noise ratio degenerates with increasing hold currents be- 
vause of lack of squareness of the B-H loop, the noise signal correspond- 
ing to the zero output of a memory core. The noise pulse decreases as 
the distance of a hold drive from the output winding increases, and in 
the Laddie only the final stages of the hold currents are serious sources 
of noise. An extreme practical case occurs when the hold currents are 
all equal to the first. Table II shows that, in this case, the final hold 
current is more than five times its minimum value in the 16-rung Laddic. 
Fig. 19(a) shows the signal and noise outputs that were obtained experi- 


mentally, using a 16-rung Laddic, for the condition where all of the hold 


currents are at their minimum values, as defined by (3). The remaining 
outputs shown were those obtained as a progressively increasing number 
of hold currents were made equal to the minimum value for rung 2, leav- 
ing the remainder at their previous values. The noise signal shown was 
the maximum that could be obtained, that is, when M/» alone was miss- 
ing. Single-turn windings were used throughout. It will be seen that 
the signal-to-noise ratio is excellent when all hold currents are at their 
minimum values, Fig. 19(a), but that the noise signal deteriorates as an 
increasing number of hold drives are made equal to M, . However, for 
many applications, the signal-to-noise ratio is tolerable even for the ex- 
treme case of all hold currents equal. If necessary, the ratio may be im- 
proved by enlarging the effective size of the output window, as in the 
modified Laddic shown in Fig. 15, or by permanently holding the final 
rungs by means of direct currents through the hold windings. Both 
methods have been shown experimentally to reduce the influence of the 
hold cwrrents on the output noise signal. 
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Fig. 19 — Signal and noise outputs taken from the sixteenth rung of a Laddic 
showing the effect of increasing the hold currents beyond their minimum values, 
(a) all hold currents at their minimum values; (b) Me, Ms, Mio, Mie, and My, at 
their minimum values, remaining hold currents equal to M2; (c) Me, Mw, Mi 
and My at their minimum values, remaining hold currents equal to M2; (d) M2, 
Vio and My at their minimum values, remaining hold currents equal to M; 


>; (e) 
Ve and My at their minimum values, remaining hold currents equal to M2; (f) 
all hold currents equal to Mg. 


An illustrative case of practical interest, where equal hold currents 
must be used, is that of producing the carry (K) of a full binary addi- 
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tion. In Boolean algebra notation, K = AB + AC + BC. This can also 
be written in the form K = (A + B)(A + C)(B + C). This function 
an be produced by the Laddiec circuit shown in Fig. 17. In this circuit, 
rung 2 is held by (A + B), rung 4 by (A + ©) and rung 6 by (B + C), 
so that an output results only if two or three of the input variables are 
simultaneously present. If single-turn windings are to be used, all the 
hold curretits are necessarily approximately equal. The outputs that 
were obtained experimentally for the separate inputs, ABC’, AB’C, 
A’'BC and ABC, are shown superimposed in Fig. 16(a). The outputs 
obtained for the remaining possible inputs, A’B’C’, A’B’C, A’BC’ and 
AB’C’, are shown superimposed in Fig. 16(b). It is clear that, even when 


all the hold currents are equal, the signal-to-noise ratio is adequate for 


most purposes. Thus, apart from satisfying the condition for the mini- 
mum hold current, the margin requirements are lax. 

The foregoing discussion is based on the assumption that the Laddic 
structure is uniform in geometry and material. If this is not the case, 
the reset flux pattern may be affected and, as a result, irreversible flux 
changes may contribute to the noise pulse. This contribution will only 
be large when the available flux from the hold rungs cannot be entirely 
returned by rungs other than the output rung. This condition can be 
avoided by making the odd-numbered rungs large enough and/or pro- 
viding a bias winding which links odd-numbered rungs to ensure more 
complete saturation of all rungs. 

A complete description of Laddic noise is complicated and will not 
be attempted here. It should be remarked that, in many circuits, no 
special noise suppression techniques appear to be necessary. 


5.4 Switching Speed 


The convention’ will be adopted here that the switching time be 
measured between the points of 10 per cent of maximum amplitude of 
the output waveform. 

If it is assumed, as in the last section, that the rungs of the Laddic 
may be ignored unless they are included in a switching path, then, for 
the purpose of determining switching speeds, the Laddic may be treated 
as a memory core of the same peripheral length. The length of the 
switching path when the output is taken off rung N is equal to 
2(N — 1)L + 2W, Fig. 18. Thus, since the switching time r is related 
to the applied drive by the usual relation,’ r(H — Ho) = s, for the 


Laddic 
] 0.27M, . 
3 E +(N—DL th |; 
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Fig. 20 Experimental plot of inverse switching speed versus applied field, 
H = (0.2% M,)/(W + (N — 1)L], for outputs taken from the 2nd, 4th, 8th, 10th 
and 16th rung of the Laddic 


M, is in ampere turns, W and L in centimeters, Ho in oersteds and s 
in oersted microseconds. 

The experimental relations for the 20 hole Laddic shown in Fig. 15, 
(W 2L), are shown in Fig. 20, for N in the range 2 to 16. It is con- 
cluded that (4) is a satisfactory representation. The values of s and 
H, , derived from Fig. 20, are s 0.77 oersted microsecond and Hy = 
0.15 oersted. 

It should be remarked that, for these measurements, all the hold cur- 
rents were maintained at their minimum values. If this is not the case, 
the output waveforms may be modified, and the effective switching 
times may change. However, the data presented give the approximate 
magnitudes. 


5.5 I[mpedances 


Since the hold current is not called upon to switch flux, the impedance 
of a hold winding is quite small. It is equal to r + jwl, where r is the 
resistance of the winding, and / its inductance. For a single-turn winding 
typical values are r ~ 0.02 ohm, / ~ 0.01 microhenry. 


The impedances for the clock and reset drives are approximately 


resistive and may be derived from the usual core formula.* 





THE LADDIC 


5.6 Cascading 


Two methods for cascading Laddics were described in Section 4.4. 
The first method was shown to be similar to the cascading of conventional 
cores, and so need not be considered further. As stated, the second 
method has limited applicability, but it is still of practical interest. For 
this reason the characteristics of a two-stage cascade will be described. 

Refer to Fig. 14. Approximate relations for the minimum values of 
R and N,,/N, are the following: 


try,N,, 


S\ Lyo — Lan ) : 


xe | Lim R . 
‘ (6) 
N nmin Lio Rmin 


In deriving (5) and (6) it was assumed, as a first-order approximation, 


Rais - 


that the rate of change of flux ¢ is constant during the switching period. 
Equations (8) and (4) were used for the minimum hold currents and 
switching speeds respectively; Li, and Ly are the mean peripheral 
lengths of the first and second Laddies, i.e., ABCDA in Fig. 18, and 
L;, corresponds to the peripheral length DAB; ¢, is the total flux avail- 
able for switching, and was assumed to be equal in the two Laddies; 
R is the actual loop resistance. All units are in egs. 

Equations (5) and (6) have been found to provide a reasonable guide 
to practical design. As an example, consider the circuit shown in Fig. 21. 
For N, = 1 the theoretical Rijn is 0.2 ohm. Experimental output wave- 
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Fig. 21 — A two-Laddic cascade. 
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Fig. 22 Experimental waveforms from the circuit of Fig. 21, with N» = 4. 


forms for one value of R on either side of Rmin, Nn = 1 and N,, = 4, 
are shown in Fig. 22. It will be seen that, as R is increased through the 
theoretical minimum, the main effect is to decrease the amplitude of the 
“0” signal, as is to be expected. 

For a given N,,/N, and R, the ratio of the current drives 7,,/Z. must 
exceed a certain minimum to provide an adequate advance hold cur- 
rent; 7,,/I¢ also has a maximum limit, for otherwise the advance hold 
current will not persist for the full switching period of the second Laddice. 
The margin between maximum and minimum vanishes if N,,/N, is equal 
to or less than the theoretical minimum. In practice, R should be chosen 
close to Ruin , and N,,/N, made as large as practicable. Table IIT illus- 
trates the maximum and minimum current ratios obtained experimen- 
tally using the circuit of Fig. 21, for different parametric values. It will 
be seen that, for a suitable choice of R and N,,/N, , the operating 
margins are broad. 


TABLE III Ratios oF MAXIMUM AND M1IntMuM DrIvE CURRENTS 
FOR DIFFERENT EXPERIMENTAL CONDITIONS 


pere-turn 


x 


bo bo GO eb 


min. and. max. overlap 





THE LADDIC 
VI. DISCUSSION 


The Laddic structure is a versatile one for use in logic circuitry. More 
complicated structures, as discussed, may offer particular advantages 
when certain functions have to be realized, but for many applications 
the Laddie structure is sufficient. 

The details of Laddic behavior are not yet completely understood. 
Their understanding probably requires a more thorough explanation of 
the switching process in ferrites. However, by making a number of 
simple assumptions it has been possible to give simple formulae and 
design techniques for Laddie circuits, which appear in general to be satis- 
factory. 

The Laddie is basically a device for combinational logic and, as shown, 
a single Laddic can be used to realize any switching function of n vari- 
ables. For systems applications where sequential operation is necessary, 
it may be used in conjunction with intermediate diode or transistor 
circuitry. In certain cases, the intermediate circuitry is not necessary. 

The Laddic is a simple device to make. Suitable materials are avail- 
able, and their properties are not very critical, provided that the material 
is reasonably homogeneous. For experimental purposes these devices 
have been cut out of solid ferrite sheets, but for larger scale fabrication 
the green ferrite would more conveniently be pressed into the final form. 
Experience with other ferrite devices suggests that pressing into the final 
form will slightly improve the material properties. Because of the use 
of single-turn windings for the variables, the wiring of a Laddie is fairly 
simple. It involves dropping a hairpin-shaped conductor across a rung, 
and a number of simple assembly schemes can be thought of. The reset 
winding is more complicated, because it involves threading a number of 
holes with a single wire. Printed wiring is very suitable for this purpose. 

The speed of the Laddic is basically the same as that of other magnetic 
core devices, being limited primarily by the properties of available mate- 
rials. Switching speeds of a few tenths of a microsecond and repetition 
rates of a few hundred kilocyecles have been achieved. For many appli- 
cations in the telephone system, speed is not a prime requirement. 

No attempt will be made in this paper to compare Laddic circuits 
with conventional core logie circuits, or with other multi-aperture 


devices. A useful comparison would be one that covered all possible 


applications, and this is not practicable. The main merits of the Laddic 
are its probable low cost, versatility and compatibility with existing 
core circuits, and the convenience of its design from the point of view 
of fabrication. 
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Radio Attenuation at ll kme and 
Some Implications Affecting 
Relay System Engineering 


By S. D. HATHAWAY and H. W. EVANS 


(Manuscript received May 14, 1958) 


Radio waves at 11 kme are attenuated by rain. In order to derive rules for 
engineering radio relay systems at 11 kme, a one-year experiment was 
conducted in a region of frequent heavy rainfall. The attenuation of 
paths 27 and 12 miles long was measured, together with rainfall at two- 
mile intervals along the paths. The instrumentation and the test results are 
described, and some implications related to systems engineering are pointed 
out. 


I, INTRODUCTION 


Increasing use of the common-carrier microwave frequency bands at 
4 and 6 kmc has directed attention to the next higher band at 11 kme. 
All three bands are subject to atmospheric fading, but propagation at 
11 kme differs from that at the lower frequency bands chiefly in its 
vulnerability to rain. Knowledge of the statistics of the excess path loss 
caused by rain is a necessary prerequisite to 11-kme system design, and 
therefore an experiment was undertaken to extend the modest body of 
available knowledge. 

The effects of rain on microwave radio propagation have been calcu- 
lated by Ryde and Ryde.'? The radio energy is absorbed and scattered 
by the rain drops, and these effects become more pronounced at the 
higher microwave frequencies where the wavelength and the raindrop 
diameter become more nearly comparable. 

The excess attenuation caused by rainfall depends on the number of 
drops per unit volume in the radio path, the square of the drop diameter 
and a complex factor representing the ratio of the total energy absorbed 
and scattered by a single drop to the energy in that area of the wave- 
front equal to the projected area of the drop. 

Laws and Parsons* observed the distributions of drop sizes for various 
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Fig. 1 Rain attenuation vs. rainfall rate (theoretical, after Ryde and 
Ryde’). 


rates of fall on a horizontal surface, using the method of Bentley.‘* 
The higher the rainfall rate, the larger the drops, and also the greater 
the spread in size of drops. Ryde computes the number of drops per 
unit volume from the data of Laws and Parsons by applying the termi- 
nal velocity appropriate to the drop mass. 


The excess path loss per mile according to Ryde for the three common- 
carrier frequency bands — 4, 6 and 11 kme — is shown on Fig. 1 for 
various rates of rainfall. 


* The Bentley method involves exposing trays of sifted flour to the rainfall, 
baking the flour to solidify the pellets formed by impinging raindrops and then 
sorting the pellets by size. The flour has been calibrated by generating drops of 
known size, so that drop size can be determined from the pellet size. 

ft It is interesting to note that, from his computations, Ryde concludes that 
the excess attenuation caused by hail is in the order of one-hundredth that caused 
by rain, that ice crystal clouds cause no sensible excess attenuation, and that 
snow produces very small attenuation, even at the excessive rate of fall of five 
inches per hour. 
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Much rainfall data is available for point locations, but very little is 
known about the relationship between the rate of fall at a single rain- 
gauging point and the profile of rate of rainfall along a radio path 
Furthermore, most rainfall data are in terms of fairly long discrete 
intervals, such as 30 minutes or one hour, and the relationship between 
hourly and instantaneous rates of fall is not perfectly known. 

Bussey® has analyzed rainfall data for one year from the Muskingum 
River watershed in Ohio,® and finds that the annual distribution of one- 
hour point rates is approximately the same as an annual distribution 
of instantaneous 50-km path rates. He further suggests that 10-minute 
point data may apply to an 8-km path, 30-minute data to a 25-km 
path, ete. 

It was the purpose of the experiment described here to seek con- 
firmation of Ryde’s relationship between excess path attenuation and 
instantaneous rate of rainfall, and to measure the profile of rate of 
rainfall along a radio path in hopes of finding correlation with rainfall 
measured at a single point. It was expected that this information would 
be useful in determining design parameters for 11-kme radio relay 
systems and for suggesting the conditions under which they be used. 

The experiment consisted of operating a radio path of a length typical 
of short-haul radio relay systems in a heavy rain area for a year. In- 
strumentation included devices for measuring excess radio path loss 
and rain gauges along the path at intervals short enough to define the 
rainfall profile. 


Il. RADIO PATH 


The requirements that determined the choice of the radio path were: 

(a) Heavy rainfall, both in rate and depth. 

(b) Length of about 25 miles, which is considered typical of possible 
11-kme application, with the possibility of a second receiver midway in 
the path so that some feel of interpolation versus length would result. 

(c) All-weather highway parallel to and very near the path, to permit 
access to rain gauges. 


(d) Existing structures and buildings for antennas and radio equip- 
ment. 


(e) Preferably a path equipped with an operating 4-kme radio relay 
system, so that some comparison could be made between 4- and 11-kme 
propagation. 

Literally hundreds of possible paths were examined. The choice 
narrowed quickly to the Gulf Coast region because of the high incidence 
of heavy rainfall and the great total rainfall, which is in the order of 60 
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in. per year.* Finally, a path was selected between Mobile and Mount 
Vernon, Alabama, 27.7 miles long, approximately north and south, and 
parallel to a good highway, as shown in Fig. 2. 

Arrangements were made to locate the transmitter at the Mount 
Vernon TD-2 4-kme radio relay station, and an 8- by 12-ft plane re- 
flector, specially made to be flat to ;¢ in., was mounted at the 300-ft 
level of the TD-2 antenna tower. The reflector was illuminated by a 5-ft 
parabolic antenna mounted on top of the transmitter equipment housing, 
using a button-hook feed constructed of commercially available wave- 
guide pieces. The gain of the antenna system at Mount Vernon was 44.2 
db, 1.2 db greater than the gain of the parabolic antenna alone. 

At Mobile, a similar antenna system for the receiver was placed on the 
TD-2 tower atop the telephone building, but, because this tower was 
only 85 ft tall, a 6- by 8-ft plane reflector was used with the 5-ft para- 
bolic antenna. The gain of the antenna system at Mobile was 42.8 db, 
0.2 db less than that of the parabolic antenna alone because of the small 
spacing between the antenna and the reflector. 

At a point 12.6 miles south of the transmitter at Mount Vernon, near 
Axis, Alabama, a second receiving station was constructed. It used a 
104-ft path-loss testing tower,’ with a 3-ft parabolic antenna having a 
gain of 37.1 db, mounted directly on the receiver front-end, which could 
be run up and down the tower on a carriage. The tower was located 
directly in the path from Mount Vernon to Mobile. 

The antenna sizes were chosen to produce roughly equal received 
signal levels at Mobile and Axis, and to produce as large a received 
signal as was consistent with physical stability of the towers and the 
flatness of commercially available reflectors. 

The path loss (between isotropic antennas) from Mount Vernon to 
Mobile is 146.3 db, and from Mount Vernon to Axis 139.4 db. When the 
antenna gains are included, the net loss is 59.4 db from the Mount 
Vernon transmitter to the Mobile receiver and 58.1 db to the Axis 
receiver, in the absence of rain and atmospheric fading. 

The terrain near Mount Vernon is gently rolling, and south of Axis 
the path traverses the broad swampy valley of the Mobile River, the 
southernmost three miles being partly over water. The Mobile-Mount 
Vernon path had been tested previously® at 4 kme and was found to be 
free of strong ground reflections, so it was considered unnecessary to 
retest at 11 kme. A profile of the path is shown in Fig. 3. The path was 
engineered at 4 kme to have one-third first Fresnel zone clearance over 


* Annual depths of about 150 in. occur in the North Pacific Coast rain forests» 
but, surprisingly, the rate of fall is quite low. 
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Fig. 2 Map of Mobile-Axis-Mount Vernon radio path. 
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Fig. 3 — Profile of Mobile-Axis-Mount Vernon radio path. 


an apparent earth radius equal to two-thirds of its true value. The 
passive reflectors for the 11-kme tests had to be mounted below the 


existing TD-2 system antennas for physical reasons. Because of the lower 

antenna heights, the path clearance was 15 ft less than at 4 kme. The 

limiting point in the path was 18 miles from the Mount Vernon end and, 

with 60-ft trees, the clearance was 36 ft when the effective earth radius 

was two-thirds of the true earth radius. At 11 kme this was approxi- - 
mately 0.7 first Fresnel zone, which is considered adequate even for this 

area. The shorter path, Axis-Mount Vernon, had clearance in the order 

of four Fresnel zones, which was far more than sufficient. 


Ill. RESULTS 


3.1 Fading 


Fig. 4 shows the signal level distributions of both paths due to multi- 
path fading for a four-month period, omitting the effects of rain. The 
long path distribution exceeds Rayleigh for fades greater than 20 db. 
This would seem to indicate a strong stable reflection condition due 
either to ground reflections or to layer stratifications in the atmosphere. 
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Since no path-loss tests were made at 11 kme, ground reflections cannot 
be ruled out. However, the path for the most part traverses land covered 
with low vegetation and pine forests, usually thought to be nonreflective. 
The TD-2 system suffered similar fading, and it had been established 
that at 4 kme the path was essentially nonreflective. Unfortunately, 
only a slow-speed strip recorder was monitoring the 4-kme system and 
comparative distribution data are not available. 

Figs. 5 and 6 show typical 4-kme and 11-kme signal strengths during 
periods of multipath activity. In general, multipath fading on 4 kme 
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Fig. 4 Distribution of selective fading, March 1 through July 31 
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and 11 kme began and ended at approximately the same time and 
followed the same over-all pattern. However, the number of fades was 
greater at 11 kme than at 4 kme. The necessity of having diversity 
protection for such systems is apparent if they are to meet long dis- 
tance telephone circuit standards. 


In addition to selective fading there were several long periods of 
depressed fields caused by earth bulge or obstructive-type fading. 
Atmospheric conditions in the Gulf region are favorable for fading of 
this type because high humidity and stable conditions exist at night and 
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Typical selective fading at 11 kme. 
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Fig. 8 Earth bulge fading at 11 kme. 


during the early morning hours. Figs. 7 and 8 show depressed fields that 
occurred on November 18 and 19. Since fades of this type are insensitive 
to frequency, protection can be accomplished only by providing adequate 
clearance and restricting the lengths of the radio paths. The received 
signal strength at 11 kme on the Mobile-Mount Vernon path was 40 
db or more below the normal received level during less than 0.03 per 
cent of the year, due to obstructive-type fading. The shorter path was 
unaffected. 
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Rainfall distribution over Axis-Mount Vernon path, March 15, 1956. 
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3.2 Rain Attenuation 


Frontal storms of short duration and high rates of rainfall are com- 
mon in the Delta area of the United States. In general, these storms 
originate in the Gulf of Mexico and travel landward in a northeasterly 
direction. A typical storm arrived in Mobile on March 15, 1956, and 
passed diagonally across the radio test path between the small towns of 
Creola and Mount Vernon, Alabama. Rain fell over this area of the 
test path from about 11:15 A.M. to 12:45 P.M. Fig. 9 shows the rainfall 
rate distribution at ten-minute intervals as the storm progressed across 
the path. In analyzing the data, such profiles were constructed for each 
minute of each significant rain event. 

Fig. 10 shows the correlation between the measured and calculated 
signal levels during the progress of the March 15 storm. The calculated 
signal level is based on the effective two-mile rainfall rate measured 
along the path during the storm. Ryde? has indicated that the attenua- 
tion due to rainfall can be approximated by 


aT 


ick 2” dr. 


“0 
where 
R = rainfall rate, 
r = length of propagation path. 


Hitschfeld, Gunn and East of McGill University, Montreal, Canada,® 
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Fig. 10 — Correlation between rainfall and path loss, March 15, 1956. 
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have made computations of k and @ for various wavelengths at 18°C. 
Extrapolation of their work yields for 11 kme: 


k = 1.395 db/mile/in./hr, 


The rain gauges on the Mobile-Mount Vernon path were placed at 
approximately two-mile intervals. The rainfall rate within one mile 
either side of a rain gauge has been assumed uniform. Then, over any 


two-mile path the attenuation due to rainfall is approximated by 


db = 2kR:, 


The attenuation over the entire path is then the sum of the attenu- 
ations due to the two-mile segments of the path: 


db = 2k( Ry + Ro + — + BM). 


The assumption of uniform rainfall within one mile either side of a 
rain gauge is most surely inaccurate. However, it permits an approximate 
solution to the problem of attenuation due to rainfall that is not in- 
consistent with the measured values. Certainly a better correlation 
would have been obtained if the rain gauges had been spaced closer 
together. 

A number of rain events were analyzed and the data reduced to the 
equivalent two-mile rate assuming uniform rainfall over the two-mile 
spans. Fig. 11 is a scatter diagram showing transmission loss in db per 
mile due to precipitation versus precipitation in inches per hour. For 
comparison, Ryde’s equation is plotted using the constant values sug- 
gested earlier. 

The recording equipment at Mobile and Axis was arranged to record 
receiver input levels from 0 to 40 db below the normal input level (ap- 
proximately —32 dbm). The received signal strength was 40 db or more 
below the normal received level due to rainfall for 0.106 per cent of the 
year on the Mobile-Mount Vernon path and 0.020 per cent of the year 
on the Axis-Mount Vernon path. These figures indicate the expected 
order of outage time due to rainfail for single-hop 11-kme radio systems 
having a 40 db fading margin and operating over similar paths in the 
Gulf Coast region. Fading margin is taken to mean the number of db 
the receiver input level can be reduced before the noise exceeds the 
system objective; outage time is defined as the time the noise does ex- 
ceed the objective. Any predictions based on the above figures for 
outage time would be pessimistic for most other areas of the United 
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States since they reflect the attenuations due to severe rainfall found 
along the Gulf. 


IV. IMPLICATIONS AFFECTING SYSTEM ENGINEERING 


Rain attenuation is obviously a large factor in determining system 
reliability, and hence it reacts strongly on both the design and the 
application of the system. Since rainfall varies greatly in frequency and 
intensity from one region to another, it is important to be able to predict 
performance in any region, so that the system as designed will have the 
widest possible application consistent with cost, and so that the appli- 


cations engineer will know how to tailor those system parameters at 


his command to produce the degree of reliability desired. 

It is not feasible, for reasons of cost, to measure rain attenuation in 
all parts of the country, so it is necessary to use what rainfall data are 
available, and to couple the data, through what are thought to be rea- 
sonable assumptions, to the relationships between rainfall and attenua- 
tion. The validity of the predictions rests clearly on the validity of the 
assumptions, and it is to be expected that further refinements in pre- 
dicting rainfall outage will result from observing the performance of 
early 11-kme systems. 





86 THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1959 


As an approach to the problem of predicting outage time due to rain- 
fall for all areas of the country, it has been assumed that the annual 
distribution of one-hour point rates is indicative of the annual distri- 
bution of instantaneous 30-mile path rates, along the lines suggested by 
Bussey. This is equivalent to assuming a fixed storm pattern moving 
at 30 miles per hour in the direction of the path. Furthermore, it has 
been assumed that the frequency of occurrence of severe rainfall of the 
type measured in the Mobile area will be reduced in other parts of the 
country in proportion to the distribution of annual point rates of one 
inch or more per hour. Fig. 12, based on these assumptions and the work 
of Dych and Mattice,'® illustrates contours of constant path lengths for 
fixed outage times for different areas of the United States. Fig. 13 shows 
the expected outage time due to rainfall for various path lengths in 
different rain areas of the United States. Curves a through u of Fig. 13 
correspond to the general areas described by the contours in Fig. 12. 
The longer paths have been weighted somewhat to take account of 


less severe rainfall covering larger areas than do storms typical of the 


Gulf region. 

In engineering a complete 11-kme radio relay system, the rain outages 
of the individual hops must be added to obtain the performance for the 
system. Also, it is desirable to lay out the system in such a manner that 


Fig. 12 Contours of constant path length for fixed outage time. 
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Fig. 13 Expected outage time in hours per year vs. path length in miles for 
various areas of the United States. 


the individual hops meet the same objective. From a practical stand- 
point, this will not always be possible. Sometimes it is necessary to have 
one or more hops of a system electrically long; they will have insufficient 
fading margin and hence contribute more than their share of outage 
time. From the over-all system viewpoint, this ‘excess’? must be made 


up by imposing tighter requirements on the remaining hops. 


To meet the over-all system objective, it becomes necessary to know 
the contributions of the long hops—those having a fading margin less 
than 40 db. Fig. 14 shows excess path loss due to rain versus hours per 
year for the Mobile-Mount Vernon path. The shape of this curve is 
nearly identical with Bussey’s curve of cumulative distribution for 
point rates at Washington, D. C. If we assume the shape of this curve 
to be representative for other areas of the country, then the additional 
outage time for path lengths given by Fig. 13 can be estimated for hops 
having a fading margin less than 40 db. The data shown in Fig. 14 have 
been rationalized and are shown in Fig. 15 as an estimate of addi- 
tional outage time. 

Sometimes it is practical to shorten a proposed path to bring the 
fading margin up to 40 db. An approximation of the necessary reduction 
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14 Excess path loss due to rainfall vs. hours per year (at Mobile). 
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Fig. 15 Additional outage time expected for 11-kme systems having a fading 
margin less than 40 db. 


in path length can be made if uniform rainfall rate is assumed over the 
path. Under this condition, Ryde shows the attenuation due to rainfall 
to be directly proportional to the path length. Thus the path length 
given in Fig. 13 can be shortened to correct for insufficient fading margin. 

Rainfall in the extreme southeastern region of the United States will 


limit 11-kme radio systems having a 40-db fading margin to path lengths 
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of approximately 10 to 15 miles, depending on the number of hops, if 
normal reliability objectives are to be met. Path lengths of 20 to 30 
miles should be acceptable in the central area and paths as long as 35 
miles should be acceptable in the northwestern part of the country. 
However, in existing short-haul radio systems, the paths average 22 to 
24 miles, due to considerations other than those of propagation. It 
would then appear that 11-kme systems will not be penalized unduly 
except in the extreme southeastern part of the United States. 


V. INSTRUMENTATION 


5.1 Transmitter 


The transmitter employed a small commercially available klystron 
whose output was 0.5 watt. A variable probe was used to match the 
klystron to the waveguide to the antenna, and a 20-db directional 
coupler sampled the output so that frequency could be measured and 
the output power monitored. The frequency stability was such that it 
was not necessary to use automatic frequency control. Since the ac 
line was subject to frequent failure (a natural result of the thunder- 
storms whose rainfall provided the reason for the experiment), a strip- 
chart recorder with a mechanical clock drive was used to monitor the 
transmitter output. 

The transmitter with its power supply was mounted in a weather 
resistant cabinet, as shown in Fig. 16. 


5.2 Receiver 


The receiver was adapted from equipment designed to record path 
loss at 4 kme,* which was, in turn, adapted from equipment designed 
to measure path reflections.’ It is shown in block schematic form in 
Fig. 17. The normal received signal level was —32.2 dbm at Mobile 
and —31.1 dbm at Axis. The receiver was arranged to record signals 
from 0 to —40 db relative to the normal signal. 

A balanced converter supplied by a local klystron oscillator modulated 
the incoming 11.4-kme signal to a 60-me intermediate frequency. In 
the preamplifier the 60-me signal was amplitude modulated with 1000- 
cps. The output of the preamplifier was divided between an 1F amplifier 


feeding a frequency discriminator, which provided automatic frequency 


* An extensive path loss measuring program was carried out in 1947-1950 at 
4 kme prior to commercial use of those frequencies by the Bell System. This 4- 
kme equipment was designed by H. C. Franke and was converted to 11 kme by 
S. D. Hathaway. 
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Fig. 16 i1l-kme transmitter, power supply and antenna, Mount Vernon, 
Alabama. 


control to the local klystron oscillator, and an amplitude detector, 
where a 1000-cps signal reasonably proportional to the microwave 
input signal over a 50-db range was recovered. The 1000-cps signal was 


amplified and rectified at a level suitable to operate the display equip- 


ment. The receiver at Axis (except for the converter, which was tower- 
mounted) and the display equipment are shown in Fig. 18. 
5.3 Display Equipment 


Two types of display equipment were used: 
(a) A level distribution recorder with a range of 40 db, which operated 
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Fig. 18 — Axis station — 1F portion of radio receiver, display equipment. 


message registers which were photographed automatically on 35-mm 
film every 0.1 hour. 


(b) A strip-chart recorder with a logarithmic converter to produce a 


scale linear in db over a 50-db range. 


5.4 Level Distribution Recorder* 


A series of nine de slicer circuits, each arranged to operate at an input 
of one volt, was connected to a voltage divider at 5-db intervals, thus 
covering a range of 40 db, as shown in Fig. 19. 

A 2-mf capacitor was connected by a relay actuated by a synchronous 
timer to a cathode follower output of the 1000-cps rectifier for 0.85 sec- 


* This electronic level-distribution recorder was developed in 1946 to replace 
a relay device that had been used for many years to study distributions of talker 
volume and telephone circuit noise. This circuit was conceived by L. Y. Lacy 
and developed by C. R. Eckberg for mobile use in connection with investigations 
of vHF transmission to vehicles, and later modified by H. C. Franke for use in 
microwave propagation measurements 
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Fig. 19 — Block schematic of level distribution recorder. 








: 


—+-—-—i--4--4--+4-- 


























ond. Then, for 0.15 second, the capacitor was connected to the voltage- 
divider slicer circuit. The slicer circuits were arranged to drive message 
registers (counters) with the polarity such that, if the slicer threshold 
was exceeded, the message register would not count; if the slicer thres- 
hold was not exceeded, the message register counted. Thus, an input of 
100 volts (normal signal) caused no counts. An input of 0.9 volt (41-db 
fade) caused all message registers to count.* 

Standard 14-type telephone message registers were used, and a neon 
tube was connected across each message register for easy observation of 
individual counts. ft 

Means were provided to calibrate the level distribution recorder in a 
preliminary way from an accurate de source, but final calibration was 
always made from an accurate signal generator connected to the radio 
receiver input, so as to reduce the effects of nonlinearity in the radio 
receiver. 


* Other level distribution recorders have been built with crossgating between 
the slicers, so that only the message register corresponding to the level just 
exceeded will operate. This type yields a histogram data presentation, whereas 
radio fading data are usually presented as a cumulative distribution. 

t,.Some message register units were arranged with an automatic reset mech 
anism that reduced all message register readings to zero hourly. This simplified 
reducing the data, since smaller numbers had to be dealt with, but the delicate 
mechanism of the resettable registers available at the time the equipment was 
designed led to maintenance problems in the field, so these units were rebuilt to 
use the simpler registers. 
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Fig. 20 — Level distribution recorder camera film (enlarged two times). 
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5.5 Camera Equipment 


Pictures of the message registers were taken every 0.1 hour by a 35-mm 
camera adapted from a movie camera, under the control of a 24-hour 
electric clock which was included in the message register panel so that 
the time of each picture was recorded. A series of pictures is shown in 
Fig. 20. Auxiliary message registers recorded the total number of meas- 
urements and the date, the latter register being actuated by the 24-hour 
clock. The message register units and cameras were enclosed in a trunk 
to reduce spurious illumination. A projection film reader was used to 
transfer the data to a data book for analysis. 


5.6 Logarithmic Converter 


The logarithmic converter accepted a de input voltage in the range 
—0).3 to — 100 volts (as developed by the 1000-cps detector) and changed 
it to a direct current proportional to the logarithm of the input voltage, 
with a range of 0-1 ma for the operation of a strip-chart recorder. 

The de input voltage was chopped at a 60-cps rate and applied to a 
differentiating circuit followed by a de slicer circuit. The time that the 


differentiated wave exceeded the threshold of the slicer was proportional 


to the logarithm of the input voltage, so that the output of the slicer 
was a 60-cps wave with pulse length modulation proportional to the 
input voltage in decibels. This output was filtered* and applied to a 
strip-chart recorder to provide a linear 0-50 db recording. 

This display was limited by the slow response of the strip-chart 
recorder, whose time constant was about 0.5 second, so that the strip- 
charts were used chiefly for monitoring and quick scanning of data. 


5.7 Rain Gauges 


Automatic recording tilt-bucket rain gauges? were placed approxi- 
mately every two miles along the radio path, as shown in Fig. 2. The 
exact locations were determined by considerations of accessibility, since 
many of the roads across the radio path were little more than swamp 
traces. Also, an effort was made to minimize the effect of nearby objects 
such as trees and buildings. 

The rain gauge mechanisms, shown in Fig. 21, were proportioned so 
that the bucket tilted after each 0.01 in. of rain fell. A magnet attached 


* It was found that imperfect filtering was desirable, in that a small amount 
of the 60-cps component improved the response of the strip-chart recorder to small 
changes in input. 

+t The rain gauges were designed by L. E. Hunt 
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Fig. 21 Rain gauge assembly: (a) recorder; (b) tilt bucket; (c) funnel. 


to the tilt bucket closed the contacts of a glass-sealed switch* during 
the instant of tilting. 


5.8 Rain Gauge Recorders 


Because of sparse wire facilities along the path, it was impossible to 


bring each rain gauge circuit to a central recorder, so individual strip- 


chart recorders were used at each rain gauge. These used teletypewriter 
tape driven? by a clockt at the speed of 0.1 in. per minute (a little 
over 11 ft per day), and a stylus driven by an electromagnet punched 
a tiny hole in the tape each time the rain gauge bucket tilted. Thus at 
the cloudburst rate of fall of eight inches per minute, the punch marks 
were just over 0.01 in. apart, so that careful examination under a strong 
glass was required. 


* Earlier models used open contacts which worked well in the laboratory but 
proved unsatisfactory under field conditions. 

+ The usual trouble of changes of paper dimension caused much experimenta- 
tion with chart drive. Pins in the drive drum were superseded by a neoprene 
band friction drive. 

t Several types of clocks were tried automobile electric clocks, precision 
automobile electric clocks, large spring-wound clocks and, finally, governor 
controlled de motors. None yielded the precision of timing desired, so that it was 
necessary to interpolate to avoid errors in correlating the individual rain gauge 
records for particular rain events. The improvements in the recorders were made 
by K. J. Frolund 
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Space-Charge Wave Excitation in 
Solid-Cylindrical Brillouin Beams 


By W. W. RIGROD and J. R. PIERCE 


(Manuscript received April 24, 1958) 


The voltage and current modulation of ideal cylindrical electron beams 
in Brillouin flow, as well as beams in zero magnetic field, are studied by 
means of Laplace transforms. With a large-diameter beam of this class, 
suddenly accelerated from a temperature-limited cathode and without trans- 
verse velocities, the minimum noise figure of an amplifier is found to be 
smaller than it would be for a narrow, essentially one-dimensional (fila- 
ment or sheet) beam, or for a confined-flow beam with the same diameter, 
longitudinal velocity and direct current. 

Certain space-charge wave solutions obtained in field analyses of beams 
from shielded diodes, which have never been detected experimentally, are 
found to be nonexistent in the sense that no phenomenon taking place in a 
vacuum tube excites them. 


I. INTRODUCTION 


When a beam only partly fills the space within a concentric drift tube, 
the field patterns of the modes derived by small-signal slow-wave analy- 
sis are not orthogonal to one another. This makes it difficult to find the 
amplitude of any single mode excited by an arbitrary initial disturbance. 
The cases of ion-neutralized beams in the absence of a magnetic field and 
of Brillouin flow are even more difficult, for in these cases infinite groups 
of modes assume the same phase velocity and degenerate into a wave 
of arbitrary transverse distribution, which, we shall show, cannot be 
excited at all. 

In treating the excitation of a confined-flow beam, Scotto and Parzen’ 
have circumvented such difficulties by means of a Laplace transform 
procedure. More recently, Bresler, Joshi and Marcuvitz’ have succeeded 
in formulating a complete set of orthogonal modes for such unidirectional 
electron beams, at the cost of some increased complexity in description. 

In this paper, a technique similar to that of Scotto and Parzen will 
be employed to solve several problems in the excitation of a solid-cylin- 
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drical beam, focused in ideal Brillouin flow. The method consists of trans- 
forming the exciting current or voltage with respect to the axial coordi- 
nate z, and finding the beam response by means of a transfer function 
which satisfies the transverse boundary conditions. The relative ampli- 
tudes of each of the various modes could be found, in this way, by using 
transfer functions evaluated in terms of each such mode. Here, only the 
fundamental mode, having axial symmetry, will be considered. The solu- 
tions so obtained will also apply to the beam in zero magnetic field, as 
the mode patterns are the same in both cases.’ 

The first problem treated, of field modulation by means of an annular 
gap in a concentric drift tube, will illustrate the general technique. The 
remaining three calculations deal with different aspects of the problem 
of noise excitation of a finite-diameter beam in a shielded diode, in 
which the effect of transverse electron motions is disregarded. These cal- 
culations show that the ‘“‘noisiness”’ of such a beam falls to half that for a 
narrow beam or a one-dimensional beam as the diameter is increased (as 
8b is made larger). An additional calculation shows that certain space- 
charge waves obtained in field analyses of such beams,*’” which are inde- 
pendent of transverse boundary conditions, cannot be excited and there- 
fore do not exist. 

The prospects of producing low-noise amplifiers with large-diameter 
beams in Brillouin flow are not very good, because of large transverse 
electron excursions near the cathode. However, it is possible that a simi- 
lar noise-reduction mechanism may be present in confined-flow beams 
abruptly hollowed-out (relative to the cathode surface) close to the 


a 7 . 6.7 ,¢ oaeianioms — 
cathode. The extremely low noise figures reported’ ‘ for TWT amplifiers 


using beams of this sort are chiefly due to other noise-reduction proc- 
esses,” but the effect of large beam size may perhaps be important at 
higher frequencies. 


Il. MODULATING VOLTAGE ACROSS GAP IN DRIFT TUBE 


At the input plane, z = 0, an ac voltage V is impressed across a very 
short gap in a drift tube of radius a, concentric with and enclosing a 
Brillouin-flow beam of radius 6. The response is sought in the form of 
the total current in the drift tube to the right of this plane, 7,(z, a). 
Polar cylindrical coordinates (r, 6, z) and MKS units will be employed, 
consistent with the notation of Ref. 5, in which axial-symmetric space- 
charge waves in beams of this type are described. All of the ac quantities 
associated with any such wave are assumed to propagate as 


exp (jwt)-exp (—j8z) (1) 


with the time variation suppressed. 
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As the amplitudes of all ac quantities are zero to the left of the input 
. . . + . . . 10 
plane, it is convenient to use the Laplace transform pairs in the form” 


a® 


F(g) = | f(z) exp (782) dz, 


“0 


; = a 
fZj=s | F(8) exp (— j8z) dg. 
aT J—x 


The integration contour for the inverse transform (3) is along the real 
axis of 8, indented above any poles on that axis, and enclosing the third 
and fourth quadrants of the complex 8-plane. When F(8) has n simple, 
distinct poles within this contour, the last integral can be evaluated by 
means of Cauchy’s residue theorem, for z > 0, as 


f(z) —j : ((8 — B,)F(B8) exp (—78z)|ss, . (4) 


Accordingly, the transform of the impressed field, in a gap of nominal 
(but negligible) width d, is 
d 
A(g) | (—V/d) exp (j8z) dz = —V. 
‘0 
The response current is found by multiplying this quantity by a transfer 
function ¥(8) to obtain the transform of that current, and then its in- 
verse transform. Any transfer function relating two ac quantities with 
the same (z, ¢) variation will, in general, be a function of the propaga- 
tion constant 8 and the transverse properties of the electron beam and its 
cylindrical enclosure. The transfer function Y(8) relating the ac ampli- 
tudes 7,(z, a) and E.(z, a) will therefore be the same as that relating their 
transforms 7,(8, a) and £.(8, a). In the present instance, the 2-com- 
ponent of the field equation for curl H provides the desired relation 
defining Y(g): 


i(B, a) = 2raH,y = 2xak,Y(B), 


and the response current is given by 


a 3 


i(z, a) —aV | Y(8) exp (j8z) dg 


j2raV [(8 — B,)Y(2) exp (—7Bz)|eus. . 
; I 


n 


The boundary equations at the surface of a drifting Brillouin-flow 
beam” must be solved in terms of Y(8), rather than of the infinite ad- 
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mittance of a conducting wall. The axial electric field inside and outside 
of the beam, respectively, can be written 


E, = Alo, (O = = b), (8) 


E, = Blo, + CKor (bS rsa), (9) 


where A, B, C are arbitrary constants, and J and K stand for the modified 
Bessel functions of the first and second kinds, respectively, the first sub- 
script denoting the order number and the second the radius. The propa- 
gation factor, exp j(wf — 6z), as well as the argument (8r) are omitted 
for brevity, and will be omitted elsewhere when they are unambiguous. 

The surface ripple due to ac radial electron motions can be represented 
by a surface charge density, 


_ jek 0k, 


= —Rek, = : 
B Or 


: (10) 
evaluated in terms of the fields just inside of the beam, where F is the 
square of the reciprocal of the space-charge reduction factor, p, defined 
in terms of the radian plasma frequency w,, the excitation frequency w 
and the beam drift velocity u, as follows: 


9 


R = 1 Wp Bp 


- - = =. (11) 
p (w — Bu)? (6 — Bg.) 


In the last expression, 8, = w,/u and 6, = w/u. 
The boundary equations at r = b can then be written 
Aly Bly, + CKy ’ 
A(1 —- R)Iyw : Bly — CKy , 


and the admittance function is 


_ H, We E, 
(g) = (=! a em 
; B (Fi ) =A B (F) 


joe Tia ie C) - Plt | 
B Toa (B C) + (Koa Toa) 


(14) 


Substitution here of (B/C), found by solving the two boundary equa- 
tions, yields: 


joe lia DP — wn 


B Iva p? — wm’ 


Y(8) = (15) 
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where 
w= BblyKw, 


TK 1a 
Kool ta 


lu Koe 
Kool oa ; 


i+ 


By writing 


we. UG | Bh - ee 


(19) 
p? — wm (8 — B.)? — B,*wm 


it is readily verified that, along the real 8-axis, the only poles of )(8) are 
By,» B. + By wm Gi. = DB, , (20) 

in terms of which 
p — wm = (8B — B,)(B — Be). (21) 


In addition, as the integration contour encloses the third and fourth 
quadrants of the 6-plane, the term /o(8a) contributes poles at each of the 
zeros of Jo(x) along the negative imaginary 6-axis. For each root x, , the 
pole is 8 = (jr,/a), so that the corresponding residue contains a factor 
exp(—2,z/a). Since such terms decay rapidly with distance z from 
the input plane, and we are solely interested in propagating waves, they 
will not be considered further. 

If the changes in w, m and n due to changes of 8 are neglected, by 
evaluating all Bessel-function arguments at 6, , the expression for the 
current response reduces to the following: 


— Bp py bs w(m — m) 2.2) i ) 
1,(2,a) = —1we a ——7———— exp (—761z) — exp (—762z) 
—_ Be Toe =Uwm I i J 


—jV2rew, Sin Baz exp (—78,z) 
Kw Koa 
B. Toa” — ‘is 
lo Toa 


In klystron theory, it is customary to write this quantity in another 





form, by introducing the de beam current /p and voltage Vy. For a 
beam with negligible potential depression, 
_ 2rew, b 


u 
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With this and the reduction factor p = wm, we obtain 


idea) —JN I (Fete) sin 6,2 exp (—J6,z) . (21) 
J 0 I oa? B=f, Bab 


Beck" has treated this problem in a slightly different way, by intro- 
ducing several additional approximations. His result consists of the 
above expression, followed by a smaller second term. The present deri- 
vation shows that this latter term should be simply zero. 


Ill. MODULATION BY INJECTED FILAMENT OF NOISE CURRENT 


The response of a one-dimensional beam to injected noise current 
has been computed by one of the authors’ with the Laplace transform 
technique described above. Within the framework of its assumptions, 
this computation led to results in agreement with the work of Rack, 
Llewellyn and Peterson,” thereby establishing its validity as an al- 
ternative procedure. It is now proposed to extend this treatment to 
the noise excitation of a finite-diameter beam in Brillouin flow or in 
zero magnetic field, and with an infinitely remote outer conducting 
tube. The treatment will be for a source of electrons with no transverse 
velocities. This may be unrealistic, but it is not unphysical, for such a 
source can be approximated by collimating the electron flow from a 
cathode by means of an array of holes, such as a thick hexagonal grid. 
First, the response will be found to a slender filament of noise charge 
injected at the axis of this beam, and later on the response will be cal- 
culated for noise-charge modulation over the entire beam area. Com- 
parison of the results with those for the one-dimensional beam should 
reveal the effect of beam diameter on its noisiness. 


owe ° ° ° ° ° ° 10 
The approximations used in the one-dimensional computation” are 


to be adopted here as well, and the reader is referred to Ref. 10 for a 
detailed discussion of their meaning. Effects due to the multivelocity 
nature of the beam and the inertial effects of a space-charge cloud during 
acceleration are avoided by assuming the beam to be abruptly accel- 
erated from a temperature-limited cathode. The modes of propagation 
of the beam are assumed to be indistinguishable from those for a beam 
without thermal velocities. Excitation of Landau-type damped plasma 
oscillations,’ which tend to decelerate fast-entering charges, is neglected. 

The noise excitation due to injected charge in each velocity class is 
calculated in a narrow frequency band, and its mean square summed 
over all velocity classes, restricted to a small spread about the mean 
beam velocity. The beam is thus regarded as a linear impedance through 
which the exciting charges flow. The entering charges are treated as 
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current filaments with discrete velocities, which are modulated by the 
noise field due to all the other charges, but have no separate identities 
with respect to entering times. 

The Brillouin beam is taken to have radius b, and to be drifting in 
free space. In a narrow frequency band about w, the injected filament 
with velocity v can be regarded as a circular electron stream of radius 
6, carrying a convection current 


1, = ipS(z) exp (—jyz), (25) 
Y= che (26) 
fe 


where S is the unit step function, and z is measured from the enter- 
ing plane. This current corresponds to an ac charge density 
Y dy or 

fa = a (27) 

w 175" 





The total charge density p,; at the input plane must satisfy Poisson’s 
equation 


Pr = p +p, = edivE, (28) 


where p is the induced charge density in the driven beam, consistent 
with the dynamics and charge-conservation equations for axial-sym- 
metric space-charge waves in Brillouin-flow beams: 


p = Rediv E. (29) 


Thus the total charge density at the input plane is related to the in- 
jected charge density p; as follows: 


Pl ; yh 


~ F (30) 
1—R w(76?)(1 — R) 


Pt 
Outside of the radius 6 the charge density is zero, and the axial elec- 
tric field up to the rim of the beam can be written: 


En = Aly + B Ko, (31) 


omitting the propagation factor exp(—j8z) for brevity. In terms of 
these constants, the total charge per unit length within the very small 
radius 6 is then 

j2mreB 


qe = Jamie Als — BRKy) = - ; (3: 


L 


for B86 < | 
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In the unbounded space outside of the beam, the longitudinal electric 
field must have the form 


Ew = C Ko. (33) 
Taking the surface charge of the beam into account, the boundary 
equations at radius b are 
Aly + BKy = C Ko, (34) 
(i ~~ Gttl, ~ BED) = ~C Ks. (35) 
The total current inside of a cylinder of radius r > b is 


eet oy 
, 2rrwe OF» 2rrwe 
i(r) = 2nrH, =? oe 


= Chu. (36) 
Be or 8 ‘ 
To obtain the transfer function needed in this problem, a relation 
between the injected current 7; and the total induced current 7;,(r), or 
between their transforms f and #,(r), the boundary equations must be 
solved for the constant C, as follows: 

Be ry Bry ‘oh 
B _ J it = J 4 = 5 (37) 

2rre 2rwe(1 — R) 


Bu-—R) _ jrBiy 


~ 1 — RoblyKu 2ewel — RBbI pKa)’ 
ywKyut 
1 — RBbI pK ow 


i(r) = F(y, Bt 


and 
i,(G, r) = F(y, B)i, (8), 
where 


el 


1,(8) = io | exp j(8 — y)zdz 
0 


Jr 
Boy 
The response current within the radius r is thus 
ne aye OA to [ F(y, 8) exp (—j8z) dB 
2m) tx i= 4 
~ k — 8,)F(y, B) exp a_i / 
n B- ¥ B=Bp, 
The integrand 
F(y, B) (yr)(8 — 6.) Kir 
B—y (B— VIB — B) — B,BbIpKwl 
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has four poles: 
Bis = Be + B,(BbIp Ku)" = Be + Ba (45) 
and 
Bs = 7, Bs = 0. (46) 


The pole of K,(8r) at 8 = 0 contributes a residue —7z,) , which serves to 
make 7,(r, z) zero at zero frequency. This is consistent with the formu- 
lation of the problem, in which the de component of the entering charge 
is neglected, and the beam itself manifests its de current only in the 
plasma wave number. However, as the calculation is only valid for slow- 
wave propagating modes (8 > k), this residue will be disregarded. 

As before, the resultant expression is simplified by neglecting the 
small rate of change of the Bessel functions with 8, replacing 8 by 8, 
where this error is small. With the time factor suppressed, the result is 


; ; m Bg exp (—jBi2) Bq exp =] 
i(r, z) = wyrK,(8.r) eo ae rec oth 
° vee | 2% — ¥) (& — 7) 


j . — B,)° exp (—jyz) 
+ toyr Ky (yr) E ~_ Be) — Ze | ‘ 
iy — BF — By 


(47) 


The assumption of small velocity spread in the entering charges, 
centered about the mean velocity u of the beam, permits the definition 
of a small quantity associated with each value of v: 


qa: <1, (48) 


(y — B.)” = (—&,)? + O, (49) 


such that only terms up to first order in ¢ need be retained, to a good 
approximation. The expression for total current response then reduces 
to 


i(r, 2) & io(yr)Ki(8.r) exp (—78.2) (cos Baz + je © sin Be). (50) 
The total current in the drifting beam, 7,(b), is related to the total 
convection current, 7.(b), by the ratio: 


i.(b) R l I 


in E-~t Toe | he 
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Thus, 


i-(b, z) = toyb exp (—jB.2) ( 


Wq 
the argument of the Bessel function understood to be (8,b) here. 

The beam responses due to electrons in different velocity ranges are 
assumed to add in a mean square manner. In each velocity class, the 
impressed current has only shot noise. Thus, using the subscript n for 
each velocity class, the mean square impressed current in each class is 


in = 2e], df, (53) 
where e is the electronic charge, Af the bandwidth about f = w/2rz, 


and /, the direct current in the nth velocity class. The mean square 
convection current response in the beam, due to 7, , is 


_ 2el,Af ( 


‘ 7? COS Boz + €, sin” Ba2), 
0b” 


where e, is associated with v, as in (48) and, approximately, 
v2 B&B. 
The total mean square convection current is then 


2 Io j 2 ° 2 -o 
= = A (cos Bgz + & sin’ B,2), (56) 
0b” 


where J is the total direct current in the injected filament, and 


ys Idina 
n 


= 


assuming that 


where u is the average velocity, given by 


“= ; ay Pe (59) 


The expression for | 7. | in the finite beam is the same as that pre- 
{ 


° ° . ° . - 10 . 
viously obtained in the one-dimensional analysis, except for the pres- 


ence of 8, in place of 8, within the brackets, and the term J in the 


denominator. Thus the maximum value of | 7.’ | is less than the total 
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impressed shot-noise current by the factor 1//@, which is smaller, the 
larger the beam diameter. 


IV. NOISE-CURRENT MODULATION OVER ENTIRE BEAM AREA 


The beam of the previous section is now supposed to be uniformly 
modulated by impressed noise current over its entire area, subject to 
all of the assumptions and conditions stipulated earlier. Since the space- 
charge mode of interest has axial symmetry, the contribution to the 
total induced current by any entering charge filament is independent 
of its angular position. The elementary areas of excitation can be taken 
to be thin rings (r to r + 6r), for which the transfer function relating 
the induced to the exciting current is the same for noise-current modula- 
tion in each velocity class as for coherent rings of injected charge, of 
the same velocity. 

The rms charge in a ring of current with velocity v is related to the 
rms current in the nth velocity class by 

dq, = din (60) 
7 
where 
di (di,2)'” [( J ,2mrdr) (2¢ Af)]' A (61) 
J, being the portion of the uniform current density with this velocity. 
As in the previous section, the total ring of charge at the input plane 
is related to this current element by 


ddn Y Un, 
1—R w(l — R) 


dq: - 


and 
di, = | di, | exp (—jy72), 
where, as before, ¥ w/v. 

To evaluate the transfer function giving the current within some 
radius a, outside of the beam (radius b), the cross section is divided 
into three regions, separated by the rings of charge at radii r and b: 

Eu Al oy: (Osr' sr_), (64) 

EB. BI + CKo- (Ts —~ (65) 

E 3 DK, (r’ -_ SF (66) 
The first expression holds inside of the injected charge ring; the second 
between that radius, r, and the beam boundary, b; and the last in free 
space outside of the beam. 
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The boundary equations at r and b, respectively, are: 
Alp, = Blo, a CKo, ; (67) 


jdq 
2rre 


Bly + CKy = DKw, (69) 
(1 — R)[BIly — CKy| = DKy. (70) 


Aly — = Bl, — CK,,, (68) 


The total current within radius a, due to the injected charge ring at 
r, 1s 


_ j2maue OK;  ——- J 2rawe 


di,(a) = - . DK,,, (71) 
B* or 


where 


IBrlor dq: 


| ° i he 72) 
2rer| + (, % 2) ab lak | \ 


Thus, we obtain the transfer function F(y, 8) relating the transform 
of the total induced current di,(8, a) to that of the injected current 
ring di,(8, r): 





D = 


yaK yal o,(8 B, )? di, 


li,(B, a) = : 
Ont, 4 (8 — Bi)(B — Bo) 


= F(y, B) di, (8, r), (73) 


where 
B1,2 = B, + 8,(BbI Ko) . = B. + By, . (74) 


The inverse transform of di,(8, a), describing the total current in the 
propagating wave, is evaluated as before with the approximations 


y¥=>6p=>B. 
in terms that are not sensitive to changes in 8: 


di,(z,a) = | dt, | | I Cy, 8) exp (—Jbz) dp 
— 2 B - a 


— B,)F(y, B) exp (—76z 
di,1 k 8,,) F(y, 8) exp (—Jj8 J 
B=, 


? 


7 pB-y¥ 


= | di, | (8.4) Kial or exp (—J8,2) | eos Byz + je — sin Bee | . (78) 
We 


Following the same summation procedure as in the case of the single 
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injected noise filament, the total mean square current due to charge 
rings at r in all of the velocity classes is 


| di/’(z, a) | = (QeJoAf)(B.a)°Kia To 2arér 


Wq 


Jo= Dido (80) 


where 


is the total direct current density. The square of the total response 
current is found by integrating this quantity over the beam radius: 


| ie(z, a) | = (2eMoAf)(B.aKe)*(Tu? — I”) 


2 WW F - 2 (31) 
-|cos Byte ) sin’ Byz], 
Wa 


where /o is the total direct current. 


The mean square noise convection current in the drifting beam is 


(QeIoAf) (‘2 — fn ) | cos Ba++ (2) sin” ae | (82) 
I Wa 


consequently 


The noise convection current at the maxima and minima of this 
standing wave are, respectively, 


te |max = Zea | — (72) |. (83) 
ic |min = deluss | — (7+) | a(*). (84) 
, Loe We 


The product of maximum and minimum rms amplitudes of the noise 
convection current can therefore be written in the form 


cai hi 1 I Ps Ww 1/2 oo 
= — - = | — A eo) a (85) 
2¢ TyAf Ly? Wa 


where the subscript B stands for the Brillouin-flow beam. If all of the 
electrons are accelerated by the same de voltage Vo , such that (eVo/k7’.) 
> 1, where 7’, is the cathode temperature, 


@ = 4(kT./eVo) (86) 


> 


ae B = 1 L le w kT. 
Jel Af Tun?] 2we eVo 


and 
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By comparison, the result of the same analysis applied to the one- 
” which is identical with that obtained by the Rack- 
Llewellyn-Peterson method,’ is 


. . 1 
dimensional beam, 


a on T WwW kT. 
ZeloAf 2w, eVo F 


the subscript 7’ standing for the ‘‘thin” beam; or 


Umax’min |B us lw 


—vs , (89) 
%min?max {7 I? 


if the two types of beam are compared on the basis of the same Jy, 


Vo, 7. and w/w, . This ratio is less than unity for finite Bb. 
Although the ‘‘noisiness”’ | dmsax Zmin | Of a thin beam is a measure of 


> ° . . ral . 14, 15, 
the least attainable noise figure of any amplifier using that beam, 


''7 it does not follow from this result that the Brillouin-flow beam is 
necessarily less noisy than a thin beam with the same direct current 
and voltage. For instance, in a thin beam the shot-noise current is 
QeT Af and all of Jo is effective in interaction with the longitudinal rF 
field of an amplifier circuit. In the Brillouin-flow beam, however, the 
rF field has both longitudinal and transverse components, and varies 
in intensity over the beam cross section. The effective part of the total 
beam current, therefore, may be less than J, . 

In single-velocity thin-beam theory, the kinetic power P, accounts 
for virtually all of the power transported by the space-charge waves, 
and may be defined by” 


te(P,) = 4K(is — i, ), (90) 


’ 


where 7; and 7, are the convection currents in the “fast”? and ‘slow’ 
traveling waves, respectively, and 


(91) 


In terms of A the noise-current expression for the thin beam may be 
rewritten as 


P, = 4K | tmaxtmin | = KT.AS. (92) 


This noise quantity has the dimensions of power; we may call it noisi- 
ness. It is invariant in all beam transformations not involving loss of 
RF power.” The minimum attainable noise figure F', of any amplifier 
depending on RF interaction between a circuit and the slow space-charge 


15, 16 
wave has been shown to be 
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Fp =14+ P./(kTAf) = 14+ T./T, (93) 


Where 7’ is the ambient temperature. This summary of thin-beam 
theory applies to a thin hollow beam as well as a filamentary beam, as 
in both such beams the rF field acts equally on all of the direct current 
Ih. 

From this it follows that the minimum noise figure /’, of any ampli- 
fier using the ideal Brillouin beam we have discussed can be evaluated 
by finding the noise kinetic power of an equivalent thin beam. Both 
beams will be equivalent with respect to interaction with any external 
RF circuit if both produce the same fields (or wave admittances) in 
free space just outside of the thick beam, at r = b. 

Just outside of the Brillouin beam, with current /) and voltage Vo , 
the TM wave admittance looking into the beam is’ 


H, : Jue _ Wp | Ty , (94) 
K 8 (w — Bu) | Io, 


The portion Ya of Y due to displacement current 77 in the volume oc- 


cupied by the beam is given by the same expression, with w, = 0: 


Ya ( - ’ ) al : (95) 
2abk r=t re] lop 


The remainder of the total admittance is due to the convection current 


1, JWE Wy Tu Sate 
- =" i (4) ) 
2rbh./] r= 8B (w — Bu) Top 


The equivalent beam is chosen to be a thin hollow beam, of the same 


i, in the beam: 


radius b as the Brillouin beam, with current 7 not yet specified, and 
the same voltage V). We can take the ae convection current of the 
thin beam as equal to the total convection current of the Brillouin flow 
beam, because it can be shown that the total convection current of the 
Brillouin beam is equal to the surface current to within a small frae- 
tion w,/w. 


The relation between total convection current 7, and longitudinal 


JB. to 
Be — By? \2Vo/ 


Its electronic admittance in space just outside of this beam is 


field #, in this hollow beam is 
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, H, 1B. ( ..) OR 
— ot eee 9 
Y= (5). = ~aaca ap lar, 


Near 8.u = w, the admittance Y, due to displacement current in the 
space inside of this cylinder is the same as for the Brillouin-flow beam: 
Jwe Tw 


Ya = : 
; B lo, 


(99) 
The two beams will then be equivalent if their electronic admittances 


are the same at r = b: 
__ Jue Wp Tp 


m 7B. ( Lo ) 
2rb(B, — B)? \2Vo B (w — Bu)? Io’ 
2Vo Bu lw 


19 2rbhew,* Ly 


(100) 


(101) 


As this expression changes relatively slowly with 8b, the admittances 
of the thin hollow beam and of the Brillouin beam vary in essentially 
the same way with 8. This approximation, therefore, is fairly good over 
a small range of B about w/u. 
The noisiness of the equivalent hollow beam is 
r, OM | tuinalite |'> (92) 
where 


s 2W4 Vo Wy Bu lop 


K (102) 


w 2rbhew,” Li» 


| (: ss A wl (kT Af) 
Loy? Wa J ‘0 : 


as found above for the thick beam. Since the direct current density and 


Ww to 


(103) 


tim ax’min 


longitudinal velocity of this beam are constant over its cross section, 


I f € I oe ab" 9 


. Wp 


€. (104) 


2Vo mu? u 
With these substitutions, the expression for noisiness P, in the Brillouin- 
flow beam reduces to 


: 9 l 
P. Uw — lw ) (GF ; ; ) kT Af. 
“1 1pL 0b 


Another way to state this result is to express the minimum attainable 


(105) 


noise figure F', of the Brillouin-flow beam in terms of that of the thin 
beam (whose noisiness is /7’.Af): 


F , a | 


= (Tou, 
Fr — | | 


2 Bb 
tw) (.) 


(106) 





SPACE-CHARGE WAVE EXCITATION 115 


This ratio, plotted in Fig. 1, varies rather slowly from unity at 8b = 0, 
to one-half at 6b — «. With Ff; = 4, corresponding to about 6 db, the 
predicted value’ for a univelocity thin beam, the least noise figure of 
the infinitely broad beam, for example, would be 4 db. 

We should, of course, recall that this result applies for the unusual 
but not unphysical case of a beam with no transverse velocities. 

Haus’ has demonstrated formally that an amplifier with a thick 
beam in confined flow cannot have a lower noise figure than one with 
a thin beam, when the input conditions are full shot-noise current and 
the Rack equivalent velocity fluctuations. His proof depends on ex- 
pansion of the excitation in terms of a complete orthogonal set of func- 


tions at the input plane. In the absence of mode coupling in the accel- 


eration region, each mode can be treated as though it were along a 
single thin beam, independent of the other modes. The opposite point 
of view has been advanced by Beam and Bloom” and by Paschke.”’ 
They have argued, essentially, that a lower noise figure can be obtained 
with a thicker beam (in confined flow), because the field of the RF circuit 
couples less effectively to the beam interior than to its surface, whereas 











Fig. 1. The ratio of the noisiness P, of an idealized Brillouin-flow beam to 
that of an equivalent thin hollow beam in confined flow, as a function of the 
product of propagation constant 8 and beam radius b. The ordinates also represent 
the ratio (Fg — 1)/(Fr — 1), where Fg and Fp are the minimum noise figures 
attainable with the two types of electron beam, respectively, when they are 
abruptly accelerated from temperature-limited cathodes {see (106) | 
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the noise excitation is uniform over the entire cross section. This argu- 
ment, however, assumes that the circuit field in the presence of the 
beam is the same as in its absence—an assumption open to question. 
In connection with the fact that we have found a noisiness less than 
that prescribed by Haus, we can only note that, for the beam with 
zero magnetic field and for the Brillouin flow beam, in whose interior 
the ac space-charge density is zero, the set of propagating space-charge 
modes is incomplete. (There are no slow space-charge modes with radial 
periodicity.) It may be that the axial-symmetric mode fails to propagate 
all of the axial-symmetric noise excitation and the higher-order modes 
fail to carry all of the excitation with angular periodicity. Recent cal- 


culations by Bobroff and Haus” point to the same conclusions—that 


the space-charge wave modes in such beams do not form a complete 
set, and therefore that an arbitrary initial excitation cannot be ex- 
panded in terms of these modes. 

The noisiness of beams produced by shielded guns is actually much 
greater than that calculated for the idealized beam, because of the 
transverse thermal electron velocities near the cathode, neglected in 
the calculation. Their principal effect, as Beam has shown,” is to in- 
crease the velocity fluctuations near the potential minimum due to 
“mixing” of electrons from different parts of the cathode. The increase 
in noisiness due to this effect probably outweighs any possible decrease 
due to increase in beam diameter. However, the noise reduction mech- 
anism described by the calculations may perhaps play a role in low- 
noise beams of a special type. 

Noise figures considerably less than the 6-db minimum for an abruptly 
accelerated thin beam have been observed by a number of workers. 
Using a hollow confined-flow beam in a backward-wave amplifier, 
Currie and Forster’ have measured a noise figure of less than 4 db. 
More recently, St. John and Caulton’ have attained a noise figure of 
1.5 db with a fairly conventional gun and, by using a solid-cireular gun 
similar in cross section to that of Currie and Forster’s annular gun, 
they attained a 3.5-db noise figure at microwave frequencies. Noise 
reduction due to a gradual acceleration allowing drifting” has been put 
forward as a plausible explanation of such low noise figures. 

It should be noted, however, that in both instances the beams were 
found to have current density profiles sharply peaked at the surface, 
so as to resemble to some degree the case of Brillouin flow, in which the 
ac current is at the surface of the beam. Their low noisiness, therefore, 
might, at least in part, have been due to the noise-reduction mechanism 
described by the calculations of this paper. 
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V. SPACE-CHARGE WAVES INDEPENDENT OF BOUNDARY CONDITIONS 


In analyses of slow-wave propagation along electron beams produced 
by magnetically shielded guns,*"° two pairs of space-charge waves 
are found. In one of these, the field distributions and propagation con- 
stants depend in the usual way on the transverse boundary conditions. 
The waves of the second pair, however, are not accompanied by any 
field outside of the beam; they have never been detected experimentally 
and they are not found when magnetic flux, however slight, threads 
the cathode.” * These very singular waves appear to have first been 
described in 1946 by Feenberg and Feldman. 

For simplicity, the properties of such waves will be examined in the 
case of axial-symmetric fields in a Brillouin-flow beam.’ At the surface 
of this beam, the boundary conditions are (i) that EF, be continuous, 
and (ii) that 


(1 — R)E,™ = [E,", (107) 


where R = w, /w, as defined in (11). For these waves, R 1. It fol- 
lows that the fields are zero outside of the beam, and F£. is zero at the 
common boundary. The waves, therefore, cannot be excited by fields 
outside of the beam. 

Within the beam, if excited somehow, they would propagate with 
arbitrary radial field distribution and the longitudinal propagation 
constants 


Bio = B. + §,, (108) 
which are characteristic of waves with purely longitudinal fields. (In 
ordinary space-charge waves, the plasma oscillation frequency is re- 
duced, because of transverse fields coupling the current filaments to one 
another and to other currents.) However, if £, were zero everywhere 


inside of the beam, EF, would also be zero, as it is zero at the boundary. 


This leads one to suspect that these waves do not really exist at all. 

It was shown that, when a Brillouin-flow beam is current-modulated, 
the total charge density p,; at any point in the excitation plane is related 
to the injected charge density p, , and to that induced in the smoothed- 
out beam, p, by the equations 


Pr = ptpmn= edivE, (28) 
p = Re div E. (29) 


When R = 1, therefore, the initial conditions are p, p for all values 
of the injected charge p; . This means that the R 1 modes cannot be 


excited by charge modulation or, since the charge-injection velocity is 
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arbitrary, by either current or velocity modulation within the beam. As, 


in 


addition, they cannot be excited by external voltage modulation, the 
1 modes are physically nonexistent. 
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Space-Charge Wave Harmonics and 
Noise Propagation in Rotating 
Electron Beams 


By W. W. RIGROD 


(Manuscript received May 2, 1958) 


Higher-order space-charge waves on solid cylindrical electron beams 
produced by shielded or nearly shielded guns have only azimuthal peri- 
odicity, as in hollow beams. Because of beam rotation, they are members 
of a broad class of space-charge waves which can travel faster than the 
beams themselves, either forwards or backwards. The properties of such 
waves for the beam in a drift tube and in a concentric sheath helix are de- 
rived from a slow-wave, small-signal analysis and the appropriate boundary 
equations. Experimental observations of their interaction with harmonic 
fields of a helix, as well as of their role in noise propagation, tend to con- 
firm the results of these computations. 


I. INTRODUCTION 


Interest in the ac behavior of cylindrical electron beams issuing from 
magnetically shielded or partly shielded guns has been stimulated in 
recent years by their increasing application in medium- and high-power 
traveling-wave tubes. As yet, however, such beams have received con- 
siderably less attention in the literature than have those in confined 
flow. The properties of the fundamental (axial-symmetric) space-charge 
mode in the former type of beam have been studied by Rigrod and 
Lewis,’ and by Brewer.” Waves of this type provide a first-order de- 
scription of the beam interaction with its environment, such as a drift 
tube or helix. The present paper will supplement this work by consider- 
ing higher-order modes of wave propagation in such beams, in which 
the fields have azimuthal, but not radial, periodicity. Following an 
analysis of the waves themselves, several problems will be discussed 
in which they play important roles: the excitation in a helix of spatial- 
harmonic modes, the propagation of noise excitation and possible new 
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applications of these space-charge-wave “harmonics.” Experimental 
confirmation of their interaction with the harmonie fields of a helix, 
observed by Kiryushin** will be described, as well as some interesting 
noise measurements obtained by Ashkin and White,” which illustrate 
their participation in noise propagation. 


Il. NATURE OF HIGHER-ORDER MODES 


The formation of ripple-free beams from convergent electron guns 
is often facilitated by letting some magnetic flux thread the cathode. 
Although this paper is primarily concerned with waves along Brillouin- 
flow beams, the computations of this section will include provision for 
arbitrary flux density at the cathode, for greater generality.* The ratio 
a of flux encircled at the cathode to that in the drift region, is assumed 
constant for any ring of electrons. The steady-state electron flow is 
then laminar, and can be described by the following equations: 


OV 


n 
or 


Ww p 


‘ ; : ‘ 7 
Here (r, 6, z) are polar cylindrical coordinates; Vo the de potentia 


due to the uniform space-charge density po ; » the charge-mass ratio 
for the electron (a positive quantity) and », and w, the angular cyclotron 
and plasma frequencies, respectively. A dot indicates time differentia- 
tion, and MKS units are used. 

The problem is to find the properties of small-signal ac waves which 


propagate along the beam as 
exp j(wt — né — Bz), (5) 
with n 0, 1, 2, ---, subject to the slow-wave condition 
w be ke = 0. 
B? B? 
With this condition, the scalar wave equation 


* The basic equations of this section were first derived by J. R. Pierce of Bell 
Telephone Laboratories 





SPACE-CHARGE WAVE HARMONICS AND NOISE PROPAGATION 


(A+B )E, = 2 div 3 + jund, 
WE 


reduces to the following equivalent forms 


ak, = © div J, 


WE 


_ JBp 
—_ 


AE, (9) 
using the charge-conservation equation. Here A is the Laplacian opera- 
tor, J the ac convection current density, p the ac space-charge density, 
e and u the dielectric constant and permeability of free space, respec- 
tively, w the angular excitation frequency, / the free-space wave number 
and 8 the axial propagation constant. 

The terms which drop out of this wave equation due to the slow-wave 
assumption are precisely those arising from curl E. That is, the slow- 
wave condition is equivalent to setting curl E to zero, or to neglecting 
the contribution to E made by the ac magnetic fields (provided J does 
not exceed jweE by a factor approaching 6°/k’ in magnitude). The 
electric field can therefore be derived from a scalar potential, or 

. dk, ‘ , 
B, wee E4 E,. (10) 
B or or 
Another consequence of the slow-wave restriction is that the contribu- 
tion of the ac magnetic field to the force on electrons can be disregarded, 
as it is negligible compared with that exerted by the electric field. 

With this and the assumption of single-valued velocities at each 
point in the beam, the electron dynamics equation can be expressed 
in Eulerian coordinates as follows: 

d . 
7 (vo + v) —n|—grad Vo + E + (vo + v) X Bul, (11) 
( 
where 
vo = (0, rd, x), 
V = (v,, U9, Uz) exp j(wt — nO — Bz), 


and Bp is the axial magnetic field, the zero subscript being used wherever 
necessary to distinguish the steady-state quantities. Expansion of this 
equation yields the components of the ac velocity amplitude: 
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. © E +j (=) B,| 
(7) # 


pt. 
nk E Bi 
Wn” 


jnE, 
ite 


where 


P=0.-—7n6- Bu, 


wn = P* — (aw,)’. 


From the charge-conservation equation, 


jp div v jew, ; an a 
= “ =e ‘ z iD : + EB. : 
. P Wr? E : ( rr ) p | 


and the wave equation for 2, reduces to the Bessel equation 


(: ~~ =) an, — =. (:«") BE, = 0, 
Wy,” Wn 


whose solution has the form 


E, = > Al, (yur) exp j(wt — nd — Bz). (21) 


Here A, is a constant, and J, the nth order modified Bessel function 
of the first kind, with transverse propagation constant y, defined by 


Yn. aw, \" nag 
=] sna ; 
tS) 


The ac space-charge density can conveniently be re-expressed in terms 
of the above ratio (for any chosen n): 


AL, ; ; : 
he = 58 (3. “ \) E., (23) 
; 


showing that p becomes zero when aw, is zero. 

Since, for slow waves, the electric field is irrotational both inside and 
outside of the beam, it can be determined by the boundary conditions 
for FE. and E, at the beam surface: 


E, + @/e E, . 
= 24) 
( E, ) b (F) ' 
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where b— and b+ refer to the regions just inside and outside of the 
beam surface, respectively, and @ is the ac surface-charge density due 
to unbalanced radial electron motions: 


o ) pvr jew, | OE, aw.\ N 7, 
= —(— = —_-/-—— —}— HK, ‘ 
- ( P >. Bu,” E + ( P ) r rks 


The simplest boundary-value problem is that of the beam drifting 
in a concentric conducting tube of radius a. In the space between beam 
and tube wall, the field is of the form 


E. = B,|I,(8r)K,(8a) — K,(8r)I,(Ba)], (26) 


where B, is a constant, and K, the nth order modified Bessel function 
of the second kind. Thus, the boundary equation at the beam surface, 
r = b, can be written 


So Wp ybI,'(yb) m Wp naw, 
Wr? I (yb) Wn” P 


a 1,'(8b)K,(Ba) — K,’(8b)I,(Ba) 
— ) - — = 
T,(Bb)K,(Ba) — K,(B8b)I,(Ba) 


(27) 


the primes denoting differentiation with respect to the total argument. 
For any set of values of n, a and b/a, this equation can be solved for 


the square of the plasma-frequency reduction factor p, = P/w,. For 


each frequency, there are two values of the propagation constant: 
Bi2 = Be — nb/u + prBp, (28) 
where 6B, = w/u, Bp = w,/u, and p, is a function of 8b. The two travel- 


ing waves in each such solution interfere with one another to form a 
standing wave, with half-wavelength 


9 
Ne _ a «a ®t 


y. By —— Be y PrBp 
Brewer’ has solved this admittance equation (27) for the fundamental 
mode, n = 0, using a flux parameter © related to a by 


Q\? a 
_ — ., (30) 
Wp 2(1 — a?) 


His results show that, for a below about 0.5, the solution po differs 


(29) 


little from its value for a = 0, the rate of change dpo/da being less as 
Bb and b/a decrease. 

The influence of cathode flux on the reduction factor p, for the higher- 
order modes is quite different from that for the fundamental. This is 
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illustrated in Fig. 1, showing how this factor varies with 6b for the 
n 1 mode, for a = 0.2 and 0.4, and b/a = 0 and 0.6. For 0 < a < 1, 
and small b/a, p tends to increase as 8b decreases, reaching some finite 
value at the limit 6b = 0. Calculations indicate, moreover, that p be- 
comes infinite for a = 1 (confined flow), for all values of 8b. (In con- 
fined flow, there is an infinite set of solutions for p, but the one described 
here is that which blends continuously into that for Brillouin flow as 
a is varied from unity to zero.) In general, dp/da decreases as Bb in- 
creases or a decreases. 

In most cases when beams are produced by shielded or nearly shielded 
diodes, the flux parameter a ranges from zero to at most about 0.4. 
kixeept for very small 8b and b/a, the reduction factor for a = 0.2 differs 
negligibly from that for a = 0, and for a = 0.4 it ranges mostly between 
0.85 and unity. Over this range of a, then, it would appear that the 

















Ad 


Fig. 1 Plasma-frequency reduction factors p = w,/w, for space-charge waves 
with azimuthal periodicity, n = 1, along a solid-eylindrical beam with small 
amounts of flux threading the cathode; a is the ratio of flux at the cathode to that 
flooding the beam, 8 is the axial propagation constant, b the beam radius and a the 
radius of a concentric drift tube 
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properties of higher-order space-charge waves do not differ markedly 
from those on a Brillouin-flow beam (Figs. 2 and 3). 

To obtain the equations for Brillouin flow, it is only necessary to 
set a equal to zero. It should be noted that, in all of the functional 
relations among ac quantities, the flux parameter a appears explicitly 
only in the product aw, , proportional to the flux density at the cathode. 
Because of this, all the equations determining the current and field 
patterns of the higher-order modes, including the TM boundary-match- 
ing equation, are the same for the Brillouin-flow beam and the beam 
in zero magnetic field, both of which have zero flux at the cathode. The 
only wave properties affected by the rotation of the Brillouin-flow beam 
are the @-directed surface current (which excites TE fields), and the 
axial phase velocity of higher-order modes. 

The reduced space-charge wavelength, however, is the same in both 
types of beams. In a shielded diode with small convergence angle, 
therefore, the accelerated beam throughout the univelocity region can 
be regarded approximately as a chain of short sections of drifting beams, 
each with its own velocity and geometry, in which the allowed mode 
patterns are the same as in Brillouin flow. When the beam enters the 
magnetic focusing field, these patterns rotate with the rotating beam, 
each thereby acquiring a higher axial phase velocity. 


0.8 























Fig. 2. Plasma-frequency reduction factors p = w,/w, for the fundamental 
(n = 0) and the first three higher-order modes of space-charge waves, along a 
solid-cylindrical Brillouin-flow beam (@ = 0), of radius 6 in free space 
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When aw, is zero, the wave equation for Z, has two sets of solutions. 
The first is 


we =P? or pp, = 1. (31) 


P ° ° 6 ° ° ° 
It has been shown in the accompanying article’ that this solution is 
spurious, as there is no way in which the corresponding waves can be 
excited. The second solution is 


AE, = 0. (32) 
The transverse propagation constant is now y = 6, and the ac space- 


charge density in the beam is zero. The boundary equation can be 
reduced to an explicit expression for the space-charge reduction factor: 


e , K b Bus 
n = BI wlw| ——- — =~}. 3: 
P p yg | len re | \ ‘ 


Here, and wherever else they are unambiguous, the arguments (8a) 
and (8b) are replaced by the subscripts a and b, the radii of drift tube 
and beam, respectively. 

For very small arguments, fa < n°, and n > 0, 


2n 


b] 


Dn 4 — 4(b/a) 


whereas, for very large arguments, 6b > n°, and n 




















2.0 
Ab 


Fig. 3. Plasma-frequency reduction factors p = w,/w, for the same modes 
as in Fig. 2, when the Brillouin-flow beam is in a concentric drift tube of radius 
a, where b/a = 0.6. 
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pn = 4 — 4 exp [—28(a — b)]. (35) 

These limiting expressions, and the curves of p, plotted in Figs. 2 

and 3 for n = 1, 2 and 3, for two values of b/a, show that the smaller 

b/a is and the larger n is the closer the reduction factor p, clings to 

the asymptotic value 0.707. To a good approximation, then, for all 
n > 1, and for n = 1 when b/a is small, 


Bn = Be — 4(n F 158. (36) 
and 


(37) 


that is, the distance between current minima equals the cyclotron wave- 
length. 

Since the convection current carried by the beam is chiefly due to 
transport of ac surface charge, the field pattern can best be visualized 
by examining the locus of maximum surface current density in each 
standing wave: 


Re(G, + G;) = | G| cos (wt — 8.2) cos n (s _ “) cos 6,2. (38) 
u 


The subscripts s and f refer to the slow and fast waves, respectively, 
and | G| is the amplitude of surface current density at 4 = z = @ = 0. 
For most of the high-order modes, for which p, = 0.707, 


(39) 


The surface-current maxima follow spiral loci, therefore, with the 
same ‘pitch’ as the rotating beam itself, increasing and decreasing 
along these loci with a period equal to one beam rotation. For the nth 
order mode, there are 2n such loci, resembling the conductors of a 
multifilar helix, in which the lines of force start and end on ac charges 
in adjacent parts of the beam. This is why the reduction factor tends 
to be independent of beam or wall geometry when n is large. 


lil, MODE COUPLING BETWEEN BEAM AND HELIX 


The coupling impedance, measuring the interaction between waves 
on a Brillouin-flow beam and a concentric sheath helix, both with the 
same azimuthal periodicity, will be evaluated in this section, with some 
simplifying assumptions. Somewhat weaker interaction should also be 
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possible when the beam and helix waves have the same axial phase 
velocities, but different azimuthal periodicities. However, this problem 
will not be treated here. 

The four boundary-matching equations at a sheath helix''’ involve 
E,, Ey, H, and He, as weil as the helix pitch angle V. In addition to 
matching /, and its radial derivative at the beam boundary, therefore, 
it would seem necessary to introduce another two equations in terms 
of H, and its radial derivative at the beam boundary: 


(H, + Goo (H.)o+, (40) 


(=: + Js) : (2) (41) 
or b Or Jo4 


From the results of the previous section, it is readily found that 


AH, —curl, J = 0. (42) 


Thus the radial propagation constant for H, is 8, inside as well as out- 
side of the beam. 

The eliminant of the eight boundary-matching equations can be com- 
bined in the form of a single wave-admittance equation, similar in form 
to that for the beam in a drift tube: 


(1 ~) Inn Inv + 6Kun (43 
— = - , . 0 
P?] Ip Tip + 5K nn ; 


where 6 stands for an expression which depends on the helix geometry 


and the amplitude of H,. When the slow-wave assumption is invoked, 
however, it turns out that this term differs negligibly from its value 
when the beam is absent; i.e., the TH-T'M wave coupling at the helix 
is negligibly small: 


" k ‘ot ? fue * 
ee ae ( ech a TS ag 
Kid Ba + necot V 


The TE fields excited by J» and G» in the beam, therefore, do not 
affect the TM wave admittance presented to the beam by the helix; 
the expression on the right-hand side of (43) would be the same whether 
or not the beam rotated. In addition, due to the absence of ac space 
charge inside of the beam, the field there has the same radial variation 
as it would have in free space. These two circumstances suggest the 
possibility of evaluating the normal-mode parameters’ of the Brillouin- 
flow beam in terms of an “equivalent” thin hollow beam in confined 
flow, by the same method employed earlier for the axial-symmetric 
mode. 
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The procedure consists of reformulating (43) by replacing the elee- 
tronic admittance of the Brillouin beam with that of a thin hollow 
confined-flow beam of the same radius 6, direct current J and longitudi- 
nal velocity u. (It is not convenient to compare these beams on the basis 
of the same de voltage.) The altered circuit admittance Y, , consistent 
with this new electronic admittance and (43), is compared with the 
actual circuit admittance of a thin hollow beam, in a narrow range of 
propagation constants near that of the empty helix. The normal-mode 
parameters of each beam, which can then be compared, indicate how 
the different distributions of electron flow in the two beams affect their 
interaction with the helix field near synchronism. (The compared beams 
are “equivalent” only in their common de properties, not their RF 
behavior.) 

The beam admittance on the left-hand side of (43) has two com- 
ponents, one due to the displacement current and another due to the 
electron current, within radius b. The latter portion, the electronic 


> 


beam admittance, is Y, in the following restatement of (43): 


LF 7 (45) 
Wp ay Lav + boK ye’ yet 


: (w — Bu — no) I Tin + boK yn : Tas 


16) 


The expression on the right side, Y., is the net circuit admittance due 
to displacement current both inside and outside of the Brillouin-flow 
beam. 

The boundary equation for a thin hollow beam (thickness dr) at its 
outer radius 6 is obtained by matching the free-space values of /, inside 
and outside of the beam, and equating the change in /, , between these 
surfaces, to J.dr. (Inside of this beam, the field #, is taken to be the 
same as in free space.) With b— to identify the fields just inside of this 
beam, and b+ the fields outside of it, this boundary equation is 


J. ar =) 7 () 
rE. \EA E. jy 


For confined flow and fields with azimuthal periodicity n, this reduces to 


, 


w pn Bdr Fas + 6 K b I } 


. ( LS ) 
(w — Bu): Tap + d0K np lo 


where wp is the angular plasma frequency in the hollow beam. The 
expression on the left-hand side is the electronic admittance of the 
thin hollow beam, and that on the right is the net circuit admittance 
due to the helix, the same as in (46) for the solid Brillouin beam. 
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Vi Uday) Pevstlay Peay be eelaried the same dipeet current and longitudinal 


vilweity ae Hie Pettlowineflaw beam, the plasma frequencies in the two 
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where > is the propagation constant of the fundamental and p is the 
helix pitch. Sensiper has also evaluated the impedance of the sheath 
helix in the nth order mode, at a radius 6 < a, as follows: 
Ky(n, b) = a nw ohms (55) 
n+ ka| Ind 
when (k/8) < 0.4 and /|n!| > 0. This is the same as Ky in (52) for the 
thin hollow beam in confined flow at radius b. 

In expression (52) for Ky/Ky there is a factor dependent on the beam 
velocity components 6 and u, arising from the comparison of a rotating 
with a nonrotating beam. When both beams have the same value of 
Bu, this factor is greater than unity for positive n, indicating that the 
angular component of beam motion contributes to field-wave inter- 
action in the rotating beam, i.e., to interaction with Hs as well as F 
and F,. The remaining terms express, on the other hand, the superior 
efficiency of the hollow beam due to its concentration in a region of 
nonzero field. 

It will be shown below that the space-charge reduction factor for the 
n = 0 mode is very nearly the same in the presence of a sheath helix 
as that of a drift tube at the same radius, when the slow wave is in syn- 
chronism with the cold-helix propagation constant. Without proof, it 
seems reasonable to assume that the same equivalence is true for a 
high-order mode as well. With this assumption, and using the approxi- 
mation p, = 0.707, the impedance ratio can be simplified further as 
follows: 


Ke sa » 2 a 
Ku - Bb = 3 


This, combined with expression (55) for Ky, yields Ky, for the com- 


parable Brillouin beam at synchronism. 

The sign of n is positive for a wave which spirals in the same sense 
as the beam, since both n and @ are referred to the same set of cylindrical 
coordinates. Thus, 8, is less than 8) when né@ is positive. For the spatial 
harmonics of an empty helix, the opposite convention has been estab- 
lished; i.e., 8, < @ When n and the pitch p have opposite signs. Aside 
from this distinction, however, there is a close analogy between the 
spatial harmonic waves on a helix and those on the Brillouin-flow or 
hollow rotating beam. 
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If the hollow beam is assigned the same direct current and longitudinal 
velocity as the Brillouin-flow beam, the plasma frequencies in the two 
beams are related by 


WOpH _ rh b 


(49) 


WpB 2rb dr 2dr 


Then the admittance equation (46) for the Brillouin-flow beam can be 
rewritten as though it were a thin hollow beam whose circuit admittance 


F 8b fa — Bu — ndV Ia . 
Ys a (50) 
; E ( w — Bu ) | ’ 


The solid-ceylindrical Brillouin beam is thus equivalent to a confined- 


Was 


flow hollow beam whose helix admittance is Y,. The normal-mode 
parameters of this and a true hollow beam depend on the behavior of 
Y, and Y, in the neighborhood of the synchronous phase velocity, i.e., 
of their common zero and pole. As the latter are very close together, 
the admittance functions can be represented in this region by a Weier- 
strass (algebraic) approximation. Then, just as in the case of the axial- 
symmetric mode,'” the two types of beam have the same space-charge 


parameter: 
On Qu, (51) 


where B and H stand for the Brillouin-flow and hollow beam, respee- 
tively. Their impedance parameters, identified similarly, are related as 


K RB y. ) 2 Ww Bu . Pg ne 
Kn Y nS an. Bb \w Bu — nO] Tin 4g...’ ed 


where @o, is the zero of Y., 1.e., the empty-helix propagation constant. 


f« low S: 


It is found by putting 69 to zero: 


ee is k a + n@a cot 2] = 


5 (293) 
PO SF kaBa cot V 


This is the determinantal equation of the empty sheath helix given 
by Sensiper, modified by the slow-wave approximation. Sensiper has 
shown that, for Ba > 2, and in the nondispersive region of the helix, 
the cold-helix propagation constant is given to a good approximation by 

bh +, (54) 
p 
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where fo is the propagation constant of the fundamental and p is the 
helix pitch. Sensiper has also evaluated the impedance of the sheath 
helix in the nth order mode, at a radius b < a, as follows: 
Kun, b) dO Inp ohms (55) 
n+ ka| Ind 
when (k/8) < 0.4 and |n| > 0. This is the same as Ky in (52) for the 
thin hollow beam in confined flow at radius b. 

In expression (52) for A,/AKy there is a factor dependent on the beam 
velocity components @ and u, arising from the comparison of a rotating 
with a nonrotating beam. When both beams have the same value of 
Bu, this factor is greater than unity for positive n, indicating that the 
angular component of beam motion contributes to field-wave inter- 
action in the rot:.ting beam, i.e., to interaction with EH, as well as 


and £,. The remaining terms express, on the other hand, the superior 


efficiency of the hollow beam due to its concentration in a region of 
nonzero field. 

It will be shown below that the space-charge reduction factor for the 
n = 0 mode is very nearly the same in the presence of a sheath helix 
as that of a drift tube at the same radius, when the slow wave is in syn- 
chronism with the cold-helix propagation constant. Without proof, it 
seems reasonable to assume that the same equivalence is true for a 
high-order mode as well. With this assumption, and using the approxi- 
mation p, = 0.707, the impedance ratio can be simplified further as 
follows: 


K B 
~ 


— & (57) 
kK H 


This, combined with expression (55) for Ky, yields Ky, for the com- 
parable Brillouin beam at synchronism. 

The sign of n is positive for a wave which spirals in the same sense 
as the beam, since both n and @ are referred to the same set of cylindrical 
coordinates. Thus, 8, is less than 8) when né@ is positive. For the spatial 
harmonics of an empty helix, the opposite convention has been estab- 
lished; i.e., 8, < 8 when n and the pitch p have opposite signs. Aside 
from this distinction, however, there is a close analogy between the 
spatial harmonic waves on a helix and those on the Brillouin-flow or 
hollow rotating beam. 
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The above expression for Kz/Ky is only valid for n = 0, and for 
n > 1 whenever the approximation p, = 0.707 is valid. The coupling 
impedance Ky, , therefore, is not necessarily zero when n = 1. For nega- 
tive n, the phase constant 8 is greater than for zero or positive n, and 
Ky, decreases very rapidly as 6 increases. (This might be expected, as 
the larger 6 is, the more rapidly the field decays radially away from the 
helix.) Thus, none of the negative-order beam harmonics have appre- 
ciable coupling impedances, but those of positive order greater than 
unity may have very large coupling impedances. 

Evidence of interaction between a number of these beam hamonics 
and those of a bifilar helix has been reported by V. P. Kiryushin.”’ ‘ 
Operating a backward-wave oscillator with its electron gun in a field- 
free region, he found narrow-band gaps in the output spectrum of the 
tube (and corresponding peaks in the starting current) at a number of 
discrete values of w/w, which he attributed to loss of energy to various 
harmonie modes. The values of w,./w at which these disturbances were 
noted were found by Kiryushin to correspond to the “ratios of small 
integers”, and appear to show interaction between beam and _ helix 
modes of the same as well as of different azimuthal periodicities (when 
their axial phase velocities are the same). In the latter case, it seems 
likely that the coupling impedance Kx, would lack the factor (n — 1)° 
expressing interaction with the azimuthal electric field. 


IV. PLASMA FREQUENCY REDUCTION FACTOR FOR BEAM IN SHEATH HELIX 


For axial-symmetric waves on a solid-cylindrical beam in confined 
flow, Branch” has found the space-charge reduction factor to be nearly 
the same in a drift tube as in a helix of the same diameter. A similar 
computation can be made for the Brillouin-flow beam. 

For any beam in a concentric helix, the relation derived by Branch is 

‘ .. (Bb) Vo” 
p (QK) ———.,, (58) 
(174.1): 
which reduces, when the beam is at synchronous velocity, to 


p = (QK) (59) 


6080" 


Here Q and K are Pierce’s’ normal-mode parameters, properly evalu- 
ated for the finite-diameter beam in question, and Vo is the de beam 
potential. The Q and A values for the Brillouin beam will be identified 
as before by the subscript B, and those for the thin hollow beam at the 
bounding radius b by the subscript H. 
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As shown in the preceding section of this paper, 
On = Qu (60) 


for space-charge modes of any order number, including zero. Fletcher’ 
has shown, in curves reproduced in Fig. A6.1 of Ref. 7, that Quy differs 
very little from its value in a drift tube of the same diameter (2a) as 


the helix 
60 0b ‘0a 
Qu = ot <a ; (61) 
I 7" Ba) lo Toa 


23 ° P . e on > a oe . 

where /" (8a) is given by Equation (41), p. 232, of Ref. 7. The impedance 

parameter A, of the Brillouin-flow beam is related to that of the thin 
. , . l 

beam at the axis, A, as follows: 


(F) 27 lo 
K TJ n= Bb Bo 


A 


~ Qk 


where 
F’(Ba). 


Thus, when the beam is at synchronous velocity, 


p BbI 1 u E : = - (G4) 


an expression identical with that for p When the beam is in a drift tube 
of diameter 2a.’ 

Paschke" has questioned the results of Branch’s computations for 
the solid-eylindrical confined-flow beam, on the grounds that QA was 
computed in terms of an equivalent hollow beam—an equivalence of 
rather restricted validity. This objection does not apply to the present 
computation. Since its ac convection current is almost entirely carried 
by the moving surface charge, the Brillouin-flow beam very closely 
resembles the thin hollow beam on which the calculation is based 


V. INTERCEPTION NOISE DUE TO IMMERSED GRID 


Ashkin and White’ have obtained a series of periodic noise patterns 
along a drifting cylindrical beam, by means of an axial-symmetric 
cavity trailing in the wake of a moving, immersed grid. In addition, they 
were able to observe changes in beam structure with the aid of Ashkin’s 
beam analyzer,” mounted behind the cavity. The beam was produced 
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by a convergent, shielded gun, and focused by a uniform axial magnetic 
field in the drift region. The cathode flux could be varied by an auxiliary 
coil near the cathode. 

Some of these observations can be explained on the basis of (a) a 
general description of the nature of interception noise at microwave 


» . ° 13 > e 
frequencies, given by Beam“ and (b) the nature of higher-order space- 


charge waves in beams produced by partly-shielded guns, as described 
in the first section of this paper. This explanation will apply to the 
periodic noise patterns obtained with the pickup cavity located half a 
plasma wavelength (in the fundamental mode) behind the moving 
grid, which fall roughly into two groups: 

i. When the fields were adjusted to obtain clear images of the cathode 
region on the analyzer (22 to 36 gauss at the cathode), the beam was 
rippled and the noise-current pattern had sharp dips. Within the ac- 
curacy of measurement, these dips appeared to coincide with the image 
planes, and were spaced a cyclotron wavelength apart. 

ili. When the fields were adjusted for maximum beam transmission 
through the gun anode (well below 10 gauss at the cathode), no cathode 
images were observed and the noise current varied sinusoidally, with 
large amplitude and the cyclotron period. The beam was comparatively 
smooth; i.e., its ripple was insufficient to account for the observed noise 
variations by variations in coupling to the cavity or in intercepted 


current. 


5.1 Sources of I nterce plien Noise 


When a filamentary electron stream in a finite magnetic field is 
partially intercepted by a grid, Beam” has shown that the transmitted 
filament contains four uncorrelated noise components: the incident 
noise current reduced by the transmission factor, plus the incident 
axial-velocity fluctuations, and, in addition, two new independent 
fluctuation sources, partition velocity and current, which are due to the 
uncertainty of eleetron position at the grid plane or the randomness of 
interception. The first two components of interception noise, therefore, 
are produced by the noise space-charge waves in the incident beam, 
Whereas the latter two components are due to the behavior of the par- 
ticles in that beam. The latter components arise because of transverse 
thermal velocities which are uncorrelated with the longitudinal ones; 


they would be absent in confined flow. 
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The beam of finite area is equivalent to a bundle of many filamentary 
streams, whose space-charge waves are coupled to one another. Thus, 
all of the propagating space-charge modes are involved in transporting 
the current and velocity fluctuations. (The question of the complete- 
ness of these modes, in the mathematical sense, does not enter here;"* 
it is only necessary that all of the propagating modes be known.) Since 
the transverse distribution of each incident mode is distinct and unlike 
the nearly uniform distribution of partition components due to random 
interception at a grid, each incident mode contributes differently to 
each of the transmitted modes. 

An additional complication that usually besets beams in finite mag 
netic fields, as Robinson and Kompfner” have shown, is an increased 
spread in longitudinal velocities over the beam area, and increased 
transverse electron excursions, due to electron-optical defects in beam 
focusing. For a strongly rippled beam which is alternately focused and 
defocused Herrmann’® has shown how the transverse thermal excursions 
wax and wane along the beam. Increased transverse excursions cor- 
respond to increased current partition noise, whereas increased spread 
in longitudinal velocities means increased velocity partition noise. 

Despite the complexity of this description, some general conclusions 
may be drawn relevant to the Ashkin-White observations: 

i. Due to nonlinear mode conversion at an immersed grid, the noise 
current in the fundamental transmitted mode will depend on all of the 
propagating modes in the incident beam. 

ii. The amplitude of noise current induced in the axial-symmetric 
cavity, a half-plasma-wavelength behind the grid, will depend chiefly 
on two factors in the incident beam: the current amplitudes of all the 
space-charge modes and the transverse excursions of electrons in the 
incident beam. 


5.2 Noise Modes in Imperfect Brillouin-Flow Beam 


Klectron beams ordinarily obtained in the laboratory with incom- 
pletely shielded, convergent guns are known to depart considerably 
from the models assumed in space-charge-wave computations. Thermal 


electron motions, gas ions and haphazard focusing usually conspire to 


produce a rippled beam with more or less nonlaminar flow. ""' Never 


theless, there is experimental evidence that space-charge waves in such 
beams closely resemble those predicted for the idealized model with 


the same average velocity field. 
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The writer, for example, has found that, in just such an imperfect 
beam, the radial distribution of ac current density corresponded closely 
to that calculated for Brillouin flow.” In addition, the measured space- 
charge wavelength (for the fundamental mode) was found to agree 
closely with the calculated values, based on the average diameter of 
the usually rippled beam, for field strengths ranging from below the 
nominal ‘Brillouin field” to several times that value. Good agreement 
between measurements and these calculations has also been reported 


ye 19 » ‘ ° > . 
by Winslow’ for a gap-excited 10-kilovolt beam of microperveance one. 


The reason is that the space-charge waves are not dependent on the 
individual electron trajectories (which may intercept the axis regularly 
or not'’'' in a rippled beam) but only on the net motion of the charge 
assemblage. Over a considerable range of field strengths, the average 
beam diameter varies inversely with the field, so that the average plasma 
frequency remains proportional to the cyclotron frequency over that 
range, just as In ideal Brillouin flow. When magnetic flux threads the 
cathode, the field distribution at any cross-section plane of a rippled 
beam will depart from that in a smooth beam due to (a) the ripple itself, 
and (b) nonlaminar flow. The former condition causes the angular 
velocity @ of the smoothed-out charge to vary from plane to plane along 
the beam, whereas the latter causes 6 to vary with radius inside of the 
beam. The ensuing field distortion in both cases is periodic along the 
rippled beam, however, and for relatively small cathode flux or ripple 
is not likely to produce marked changes in t). space-charge wavelength 
(relative to that in a comparable smooth beam in laminar flow, with 
the same cathode flux and average beam diameter). 

In another set of relevant observations, Ashkin™’ has excited such a 
beam in the 1 and n = 2 modes, respectively, by means of cavities 
with the appropriate angular periodicities, and then traced the spiral 
loci of the current minima along the beam by means of similar pick-up 
cavities. In each case, the current minima were found to follow the 
computed axial and rotational fluid, or average, velocities of the beam, 
in agreement with the description of such waves in the first section of 
this paper. 

When the cathode of such a beam is shielded, the field pattern for any 
mode is essentially the same in the diode and drift regions. (For small 
values of the flux parameter a, the transverse field distribution is only 
slightly different from that in Brillouin flow, and the space-charge wave- 
length is slightly smaller.) As nearly all such mode-pairs but the funda- 
mental have the same standing-wave periodicity (in both diode and drift 
regions), and are initially excited at the same plane near the cathode, 
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they will preserve phase coherence along the axis even after partial 
energy interchange among the modes in the diode. In the Ashkin-White 
experiment, therefore, nearly all of the high-order modes in the beam strik- 
ing the grid have the same current-minimum planes, spaced a cyclotron 
wavelength or so apart. 

As primary current fluctuations can occur in an infinitesimally small 
area, the modal distribution of noise currents is probably nearly flat 
The sum of the squared moduli of all but the fundamental mode should 
then greatly outweigh that of the latter alone; and the same should be 
true of their net contribution to noise current in the fundamental mode, 
excited at the grid. In a relatively smooth beam, therefore, in which the 
electron-interception probability is independent of grid position, the 
cavity-detected noise current should vary sinusoidally and with the 
cyclotron period, at any frequency. This was the pattern observed under 
such conditions by Ashkin and White at both 400 and 4000 me. 

When the fields were adjusted for sharp cathode images, the flux 
parameter a ranged from } to 3, and the beam was strongly rippled. 
Both factors helped to minimize the transverse thermal excursions at 
the image planes, and thereby the contribution of random interception 
to partition noise there. If these planes are, in addition, made to coincide 
with those of noise-current minima for the high-order modes, the ob- 
served noise dips should be very much sharper than in the smooth 
beam, again as observed. As the variation along the beam of partition 
noise due to random interception is very large in rippled beams with 
periodic imaging of the cathode, the sharp noise dips are primarily due 
to such variations, rather than to current variations in the noise stand- 
ing waves. 

The two groups of noise patterns, therefore, illustrate the dual nature 
of the sources of interception noise at the grid. In the smooth beam, 
the variations are chiefly due to noise current variations in the space- 
charge waves, whereas in the rippled beam with periodic cathode images 
they are chiefly due to uncorrelated transverse particle excursions of 


‘2 16 . 
thermal origin. Both processes sometimes happen to have the same 


axial periodicity, but they are otherwise distinct and independent of one 
another. 


VI. CONCLUSIONS 


The higher-order modes of slow space-charge waves on beams pro- 
duced by shielded or partly shielded cathodes have azimuthal, but no 
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radial, periodicity. Another feature that distinguishes these waves from 
those in cylindrical confined-flow beams is that their axial phase velocities 
increase rapidly with the order number, n, and angular velocity, 6, of the 
rotating beam. With suitable means for exciting such modes, therefore, 
it should be possible to achieve interaction between a relatively low- 
voltage beam and the field of a structure with high phase velocity. This 
should be equally possible for (a) hollow rotating beams, focused in any 
way Whatever, provided they are stable and (b) solid-cylindrical beams 
produced by shielded guns, with arbitrarily strong focusing fields (since 
only the net angular velocity of the beam, not the particle trajectories, 
affects the wave velocity). More generally, the same type of interaction 
should be possible with stable beams of any geometry, when they have a 
transverse velocity component parallel to the beam surface and are ex- 
cited by rr fields which are periodic in that transverse direction. 

Another interesting property of harmonie waves on a Brillouin-flow 
beam is that, because the axial and radial propagation constants are 
equal, the rate of decay of fields with distance from an enclosing RF 
structure can be smaller, the smaller this constant is. A computation in- 
dicates that, consequently, the coupling of this beam to the harmonic 
fields of a sheath helix can be quite large. Experimental evidence of such 
interaction has been reported.’ 

When a Brillouin-flow beam is at synchronous velocity inside a con- 
centric sheath helix, its plasma-frequency reduction factor in the funda- 
mental mode has been found to be the same as if the beam were in a 
drift tube of the same diameter as the helix. 

The computations also show that, for nearly all of the higher-order 
space-charge modes on beams from shielded or nearly-shielded guns, 
the space-charge wavelength is close to twice the cyclotron wavelength. 


This feature, together with a multimode description of interception noise 


. 13 . . . . 
given by Beam,” has helped explain some periodic noise patterns ob- 


tained with a cavity behind an immersed grid.” 
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An Experimental Visual Communication 
System 


By F. K. BECKER, J. R. HEFELE and W. T. WINTRINGHAM 


(Manuscript received March 10, 1958) 


Substantial technical and economic benefits are obtainable by fitting a 
visual communication system to a specific application. Some of the con- 
siderations involved in such adaptation are discussed in this paper. 

An experimental system to demonstrate the specific adaptation to the 
problem of signature verification in a savings bank is described. It is shown 
that satisfactory images can be transmitted over a 5-kilocycle sound program 
circuit in 5 seconds. This result is obtained by reducing both the area scanned 
by the transmitter and the resolution of the reproduction to the minimum 
required for this application. 


I. INTRODUCTION 


Facilities for the transmission of visual material by facsimile have 
been offered to the public for over 30 years. Even so, facsimile has not 
become a very widely used service. In contrast, the post-war develop- 
ment of broadcast television has excited much interest in the use of 
television as a means for transmitting visual material. Industrial tele- 
vision equipment has been developed and sold for all sorts of applications. 
However, there is increasing awareness that television may not be the 
most suitable and least expensive way of filling some of the needs for 
visual communication for which its use has been suggested. 

Television as a private visual communication means is attractive 
from many points of view. Much of the terminal equipment is similar 
or identical to that developed for broadcast purposes. Consequently, 
the costs of terminal equipment can be kept low through the benefits 
of mass production for broadeasting. In many installations the receiving 
terminal may be nothing more than a standard broadcast receiver. 
This has the added advantage that little training is required for opera- 
tion of the receiver. 

On the other hand, transmission of television signals produced under 
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broadcasting standards requires a bandwidth of the order of four 
megacycles. Wherever distances greater than a few hundred feet are 
involved, suitable circuits of this bandwidth are expensive to provide. 


These facts suggest the wisdom of examining the general problem of 
transmitting visual material. Such an examination should weigh the 
requirements of particular communication problems against the advan- 
tages offered by facsimile and by television. 

In a broad way, one can distinguish facsimile and television by the 
character of the received image. This image is a permanent copy of the 
transmitted material in facsimile; it is transient when the transmission 
is by television. Since facsimile produces a permanent image, the material 
need be sent only once. In contrast, the transient character of the tele- 
vision images necessitates the transmission of the material often enough 
to avoid flicker and for as long a time as examination of the material 
is required. 

These distinctions between facsimile and television suggest the 
application for which each system is most suited. Facsimile is the more 
appropriate medium if the material to be transmitted is itself in perma- 
nent form. Television is the more appropriate medium if the material to 
be transmitted is in transient form. That is, television should be used if 
motion is an important attribute of the original. 

This seemingly clear-cut distinction between facsimile and television 
becomes blurred if one introduces the possibility that a permanent copy 
of a document may not be required and even may be undesirable. In 
such cases, the transient character of the television image is attractive. 

A transient image, however, would be useful only if it were available 
for study for several minutes. This suggests the possibility that some 
system intermediate between facsimile and television might be useful. 
Since the person receiving the information could use no more than one 
document during the time required for his study of it, the system need 
have only the capacity to transmit a single document at a time. It would 
seem desirable that this system complete a transmission in a few seconds. 

This speculative thinking only discloses that a hybrid visual com- 
munication system might have some advantages over either facsimile 
or television. But the difficulties of system design are not revealed. It 
was decided that a complete system should be built to gain some measure 
of the complexity of such hybrid systems. This experimental system 
was intended to demonstrate the feasibility of combining techniques 
from television and from facsimile to produce a visual communication 
system for a specific field of use. For this reason, the experimental 
equipment was built without regard for the usual engineering limitations 
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of size or of cost. The sole aim was the investigation of the feasibility of 


tailoring a visual communication system to a single communication 
problem. 


II. FEASIBILITY STUDY 

Our preliminary thoughts and discussions about a new intermediate 
visual communication system revealed the fact that a study completely 
divorced from application would be of little value. Through the coopera- 
tion of Albert F. Kendall, Comptroller of the New York Savings Bank, 
it was decided that our feasibility study would be related to one of the 
more serious problems of larger savings banks. 

With the growth both of individual savings banks and of branch 
banking it has become increasingly difficult to give each teller access to 
the complete file. Savings banks have been active in experimenting with 
the application of modern visual communication techniques to this 
problem. Facsimile, industrial television and slow-scan television all 
have been tried. None of these techniques has been found to be com- 
pletely satisfactory. Therefore, our study was based on the problem of 
transmitting signature and account information from a central file to 
individual bank tellers at remote locations. 

Fundamentally there are two requirements to be applied to a visual 
communication system for this service. The time required for transmis- 
sion should be reasonably short and the rental fees for the communica- 
tion circuits should be kept small. This latter requirement may be 
interpreted as meaning that the transmission bandwidth should be 
minimized and should be within the capabilities of a standard Bell 
System facility. 

In order to keep the time of transmission short and the bandwidth 
small, the time-bandwidth product must also be minimized. This result 
is attained when no more than the necessary area of the copy is scanned 
and when the resolution of the received picture is no greater than is 
acceptable. 


Ill. SYSTEM DESIGN 


The information to be transmitted to the teller from the New York 
Savings Bank files is contained on a signature card and an account 
card, of which samples are shown in Fig. 1. The 3- x 5-in. signature card 
may be any one of several types. For individual accounts, the account 
number and the signature may appear at the top of the card or the signa- 
ture may appear below a printed agreement. Another common variant 
provides for two signatures for a joint account, written below an extended 
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form of printed agreement. In the case of every one of these cards, the 
signatures fall within an area | in. high. The account number, used for 
identifying the signature card, can be restamped to the left of the signa- 
ture(s) in this l-in. area. The significant information on the card may be 
contained therefore within a 1- x 5-in. rectangle. 

The information of interest to a teller on the account card is contained 
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Fig. 1 Signature cards and accounting machine card. 
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Fig. 2 Bank signature and account card positioned so as to present only 
essential information. 


1 in. of the 


card. As one step in optimizing the visual transmission of these data, the 


in the left-hand 5 in. of a single line of type within the top 


scanned area should be limited to the important I- x 5-in. area of the 
signature card and the } x 5-in. area of the account cards. A suitable 
arrangement of the two cards for such scanning is illustrated in Fig. 2, 
where the total scanned area of the two cards need be no greater than 
1} x 5in. 

To maintain the two cards in this position, several types of card 
holders were considered from an operating and also a convenience point 
of view. Fig. 3 shows a laminated metal card holder in which the cards 
are placed into two depressions and held in place with a hinged cover 
(shown in right side of Fig. 4). Fig. 4 (left) shows a stiff plastic envelope 
which could be economically made and readily stacked. It is cut so that 
the positioning of the cards would be maintained when the holder was 
inserted in the transmitter. These two holder designs showed significant 
differences in loading and unloading times when used by a file clerk. 

Fig. 5 shows the holder adopted for the experimental system, which 
can be loaded and unloaded more quickly than the previous designs. 
The thin holders are made from a laminate of thin fibre, each section 
cut with the appropriate mask to fit the particular card and assembled 
into a sandwich. Two types were made: one from brown fibre (top) to 
fit the single signature cards; the other from black fibre (bottom) to fit 
the single and double signature cards bearing the bank agreement. 
The cards are held flat with a spring clip on the right side which clamps 
both cards firmly in place. 

The second factor to be minimized in reducing the time-bandwidth 
product is the resolution of the received picture. Experiments have been 
carried out at Bell Telephone Laboratories! with a television system 
to show how few scanning lines might be required to display signatures. 
Fig. 6, taken from that study, shows that two signatures can be recog- 
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Fig. 3 Metal card holder with hinged cover. 


Fig. 4 Experimental plastic and metal card holders. 
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Fig. 5 Card holder used in bank signature verification transmitter 


nized with little masking of their essential characteristics when 80 sean- 
ning lines are used. Fig. 7, taken from the same study, shows that a single 
signature and the numerals on an account card are quite readable when 
120 scanning lines are used. In this illustration, there are 9 or 10 lines 
reproducing the line of numbers. 

The printed digits on the account card are 0.150 in. high and 0.095 in. 
wide. Hence, the scanning line pitch is about 0.015 in. in the case where 
the digits are easily read. If the vertical dimension of the important 
area of the signature card 1 in. is scanned at this same pitch, it 
would be covered by only 67 scanning lines. However, it was concluded 
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that 80 scanning lines were required for the area containing two signa- 


tures. 

The more stringent of these two requirements, 80 scanning lines per 
inch, must be adopted for the whole area. With a scanning pitch of 
0.0125 in., the signature area requires 80 lines, and the top } in. of the 
account card requires 20 lines, or a total of 100 lines across the entire 


ght 


32 SCANNING LINES 


Fig. 6 — Two signatures transmitted over a TV system with scanning line 
structures as indicated. 
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80 SCANNING LINES 


Fig. 7 Bank signature and account card transmitted with scanning line 
structures as indicated. 


1}-in. dimension of the two cards. It is of interest to compare this sean- 
ning line density with the 90 to 100 scanning lines per inch used in 
commercial facsimile systems. 

It seems desirable to equalize the apparent horizontal and vertical 
resolutions in the reproduction. This condition is reached when the 
number of cycles of picture signal per scanning line is given by 


fi LK N,/2, (1) 
where 
number of cycles per line, 
length of line (inches), 


number of scanning lines per inch, 
vertical resolution factor. 


The factor K takes into account the fact that the apparent vertical 
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resolution is smaller than is given by the number of scanning lines. This 
decrease arises because scanning is a sampling process and the samples 
may or may not coincide with detail in the copy. M. W. Baldwin has 
suggested that the best value of K is 0.72 

In the case of the signature and account cards, the lines are 5 in. 
long, and there are 80 scanning lines per inch. Substituting these values 
in (1), we have 


fi = 5X 0.7 X 80/2 140 cycles/line. 


Since a total of 100 scanning lines is required to cover the significant 
areas of the signature and account cards, one transmission will consist 
of 14,000 cycles of picture signal. 

This figure, 14,000 cycles, is a measure of the time-bandwidth product 
required for the transmission of the important information from the 
bank’s file. We now have the problem of dividing this quantity into its 
two factors, time and bandwidth. The significant parameter at our 
disposal is the bandwidth of the type of Bell System facility which might 
be used for this service. 

To give proper consideration to the various characteristics of the 
several types of circuits available in the Bell System, we must digress 
slightly to consider the waveform of signals which should be trans- 
mitted. It seems that the gradations of tone in signatures, arising from 
changes of pen pressure and writing speed, are not significant in the 
recognition of signatures. Consequently it is necessary to transmit only 
two values of picture signal, one corresponding to the background on 


which the signature is written and the second corresponding to the inked 


lines. It follows that we may make use of experimental results which 
bear on the transmission of telegraph-like signals. 

Horton and Vaughan have reported that telephone message circuits 
can be used for the transmission of digital information satisfactorily 
in the band from 700 to 1700 cycles per second.’ Carrier transmission 
is required to handle picture signals in this band, so that the baseband 
may be no wider than, say, 500 to 800 cycles per second. The more 
optimistic of the figures leads to the conclusion that nearly 20 seconds 
would be required to transmit our minimum picture signal over a mes- 
sage circuit. 

rogram circuits for sound broadcasting are available from the Bell 
System with bandwidths of 5 ke, 8 ke and 15 ke. By far the most widely 
available of these is the 5 ke circuit, the gain characteristics of which 
are substantially flat between 100 and 5000 cycles. The delay distortion 
of these circuits is at a minimum between about 1 ke and 4 to 43 ke. 
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This suggests that a baseband bandwidth of 3 ke might be used with 
vestigial sideband transmission about a carrier near 4 ke. 

Under these conditions, it would require 4.7 seconds to transmit our 
minimum picture signal. This figure is sufficiently small in comparison 
with the total time required to order the information from the file clerk, 
locate the cards in the file and load the card holder that there seems to 
be little advantage in considering wider band circuits. 

Actually, we have chosen a transmission time of 5 seconds instead of 
4.7 seconds. This increase in time tends to compensate slightly for the 
imperfections of a practical terminal equipment. 


IV. TRANSMITTER 


In addition to the general characteristics of the system which have 
been discussed in the preceding paragraphs, certain peculiarities of the 
file cards place restrictions on the transmitter. The New York Savings 
Bank uses signature cards of several different colors for special purposes. 
In addition, some of these cards have been used for a good many years. 
Consequently, the background reflectance of the original copy varies 
significantly, and it was necessary to introduce an automatic gain control 
circuit in the scanner to compensate for the variation. 

In addition to the color of the background, the bank’s customers 
exercised their individualities and wrote their signatures with inks of 
almost every conceivable color. Fortunately it was found possible to 
provide sufficient gain in the scanner circuits to allow the signal cor- 
responding to the ink to be sliced at a fixed amplitude. 

The individuality of the bank’s customers displayed itself in another 
way. It was found that the width of the lines in their signatures varied 
from 0.005 in. upwards. 

The length of a reproduced picture element was fixed when the trans- 
mission bandwidth and the scanning standards were. selected. No more 
than 6,000 picture elements per second can be transmitted in a 3,000 
cps baseband. The scanning of a complete image with 100 lines in a time 
of 5 seconds means that each line is scanned in 35 second. Hence, there 
can be no more than 300 picture elements per line. This means that each 
picture element in the reproduction can be no shorter than y in. (or 
0.017 in.), since each line is 5 in. long. 

It is obvious that the signals corresponding to lines in the signatures 
as narrow as 0.005 in. would be reduced in amplitude after transmission 
through this system. It was learned, however, that there was no objec- 


tion to artificially broadening these lines in the electrical equipment. 
However, to resolve 5-mil lines on a 5-in. card demands good 1000-line 
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resolution capability. Cathode ray tube scanners, as developed for 


entertainment television, fail to meet this requirement by nearly a 


factor of two.* Thus, because the required line scan rate is low, a mechani- 
cal scanner was suggested. Then, scanning spot size, and therefore 
resolution, would be only a question of precision machine work and lens 
capabilities. The problem of illuminating the subject material to obtain 
a useful electrical signal-to-noise ratio could then be divorced from 
any consideration of scanning spot size, as it cannot be in cathode ray 
tube or flying spot scanners. 


1.1 Scanner 


Fig. 8 is a photograph of the entire transmitter. The mechanical 
optical scanner or analyzer (which was constructed to Bell Laboratories 
specifications by Hogan Laboratories, Inc.) is located in the middle of 
the table top. The signal processing equipment for broadening the fine 
lines in copy, the frequency translation equipment and the power sup- 
plies are enclosed below the table top. A monitoring picture tube which 
reproduces the transmitted signal is mounted above the scanner. 

A schematic of the optical path of the mechanical scanner is shown in 
Fig. 9. An optical system forms a reduced image of the illuminated card 
at the intersection of a spiral slit on a dise and a straight slit which is 
fixed parallel to the long side of the image. The intersection of the spiral 
and the straight slit forms a nearly rectangular aperture which sweeps 
across the image at a constant speed when the disc is rotated at a con- 
stant rate. The optical path is folded to save space, so that the objec- 
tive lens actually views the cards through two front-surfaced mirrors. 

\ 60-cycle synchronous motor rotates the disc at 20 revolutions per 
second, causing the aperture to sweep across the slit and thereby scan 
a single horizontal line of the image for each revolution. The slit aper- 
tures are of such a size that the resolution in the horizontal direction 
is greater than 1000 lines. 

A second motor, energized when the transparent lid is closed and an 
address button is pushed, moves the carriage forward. The carriage 
travel causes the image of the subject material to traverse across the 
fixed linear slit in 5 seconds, thus producing the vertical scan. At the 
finish of the scan, the carriage motor is automatically stopped, and the 
carriage releases and snaps forward into a position convenient for un- 
loading and reloading the card holder. The light from each successive 
point of the image, as determined by the scanning aperture, is converted 
by a multiplier phototube to a proportional electrical signal. 

Line-synchronizing pulses are derived directly from the rotating 
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Fig. 8 Experimental transmitter unit of the bank signature verificatio: 
system (door open). 


scanning disc. Through a cleared circular slit on the opaque scanning 


disc, a small source of light is focussed onto a photo diode. An opaque 


section, properly positioned, interrupts this light, thus producing an 
electrical pulse once per revolution. This pulse, when processed and 
added to the outgoing signal, produces the line-scan syne signal for 
receiver synchronization. 

A block diagram of the signature verification transmitter system is 
shown in Fig. 10. From the multiplier phototube and cathode follower 
in the mechanical scanner, the signal baseband frequencies are applied 
to a signal processing circuit, in which the analog signals, derived from 
scanning, are clipped either to black or to white signal level. The circuit 
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likewise stretches the duration of fine line signals to a minimum value 
satisfactory for transmission. The rectangular output pulses pass through 
a low-pass filter and then modulate a carrier at 26.88 ke. A second stage 
of modulation and filtering produces a vestigial sideband signal for 
transmission having its carrier at 3.84 ke. 

A portion of the output signal is demodulated at the transmitter to 
operate the picture display tube, which serves as a check on the out- 


going signals. 


1.2 Signal-Processing Circuits 


A feature of the signal-processing circuit is its nonlinear pulse-stretch- 
ing operation. Variable-duration pulses with a minimum duration of 160 
microseconds can be transmitted through a band limited system of 3 ke 
and can be utilized satisfactorily with a proper receiver. The scanner, 
however, may generate signal pulses as short as 50 microseconds when 
it scans signatures or other material written with a very fine pen. The 
combination slicer and pulse-stretcher circuit operates on these pulses 
in the following manner. It recognizes first whether there is a signal 
pulse present or not, producing at its output a two-level signal free from 
the effect of background noise. Moreover, signal pulses arriving at the 
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Fig. 9 — Optical path of the mechanical seanner. 
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slicer input having duration less than 160 microseconds are lengthened 
and appear at the output as clipped rectangular pulses of 160-micro- 
second duration; the signal pulses of longer duration are merely re- 


generatively clipped into rectangular pulses with their longer durations 
undisturbed. The output signals of this unit are clean rectangular pulses 
corresponding to the inked lines or figures on the subject material to be 
transmitted. 

The processing circuit is illustrated in detail in Fig. 11. This circuit, 
consisting of seven tubes, performs baseband signal amplification, 
automatic level control of the output signal, regenerative clipping and 
pulse stretching. The eighth tube on this chassis is used as a conventional 
slicer for the line syne signal. 

The picture signal, as derived from a cathode follower in the scanner, 
has a maximum peak-to-peak value of 0.5 volt and a bandwidth of 10 
ke. It is first amplified to a value of 40 volts by a de amplifier and cathode 
follower. Tube V1-2 is a bias control to adjust the no-signal or black- 
signal level at the output to 60 volts. The white level signal, corre- 
sponding to the card background, is peak detected at this point, and 
through a fast-operate and slow-decay RC time constant, adjusts the 
voltage applied to the multiplier phototube through the cathode fol- 
lower V7. The automatic level control action sets the background signal 
level at this point at a value of 100 volts, regardless of the color or the 
lununance of the card, within reasonable limits. 

The signal is then sliced and shaped by the tubes V2-2 and V5-1. 
The slicer is direct-coupled, and the level of signal slicing is adjusted by 
changing the grid voltage on V5-2 through the signal-clipping control 
and the reference voltage tubes V3 and V4. The operation of this slicer 
has been modified by the positive feedback capacitor C. 

When a negative signal pulse, due to the scanning spot crossing a 
black line on the card, arrives at the output of the cathode follower, it is 
transmitted through the diode V2-2 to the grid of V5-1, which tube 
has been conducting current. Since the cathodes of V5-1 and V5-2 are 
common, plate current in V5-2, previously zero, is quickly turned on by 
the simultaneous action of cathode and grid signals. The negative voltage 
pulse, developed across its plate resistor, is fed back through capacitor 
C to the grid of V5-1. The grid potential of V5-1, reduced below cutoff 
by the signal applied through the diode, is reduced still further by this 
positive feedback, since the pulse disconnects the grid from the low- 
impedance signal driver by inactivating the diode V2-2. Capacitor C 
now charges through resistor R to the potential of the cathode follower, 
at which point the diode V2-2 becomes conducting, returning the control 
of the slicer condition to the signal cathode follower. 
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If the signal pulse duration is longer than the time constant of the 
circuit composed of R and C, the charge cycle of the capacitor is termi- 
nated at the potential of the cathode follower, which remains at the 
triggering potential. The slicer circuit is therefore held in the triggered 
condition for the full duration of the pulse, since the voltage on the 
cathode follower is now controlling. 

If the signal pulse duration is shorter than the time constant of the 
RC circuit — the cathode follower potential having become more posi- 
tive.due to the termination of the signal — the charge cycle of the capaci- 
tor terminates the triggered cycle, just as in a monostable multivibrator. 
The output pulse length is therefore determined by the RC circuit for 
signal pulses shorter in duration than the time constant of the clipper; 
it is determined by the length of the pulses themselves, if their time 
duration is greater than the time constant of the clipper. 

By connecting the charging resistor R to the positive supply potential, 
2 more linear portion of the timing exponential curve is used, and there 
is little lengthening of signal pulses of the same or longer durations than 
that of the RC circuit. 

By setting the time constant of the slicer circuit to 160 microseconds, 
signal pulses arriving at the slicer input having duration less than 160 
microseconds are lengthened and appear at the output as clipped rec- 
tangular pulses of 160-microsecond duration; the signal pulses of greater 
duration are regeneratively clipped into rectangular pulses with their 
durations undisturbed. The ouput signals of this unit are clear rectangu- 
lar pulses corresponding to the inked lines or figures on the subject 
material to be transmitted. 

The action of this combined slicer and pulse-lengthener circuit is 
illustrated in Fig. 12 by the waveform photos taken during its operation. 

Photos 1, 5 and 9 show signal pulses of 50, 150 and 1000 microseconds 
respectively dezived from scanning lines of the widths indicated. 

Photos 3, 7 and {1 indicate the voltage across the common cathodes 
of the circuit and shows that the sliced pulses are of 160, 160 and 1000 
microseconds duration respectively. 

The output pulses, applied to the low-pass filter circuit are shown in 
photos 4, 8 and 12. The effect of the impedance characteristic of this 
filter on the extremely sharp transitions of the output waves is noticeable 

Photos 2, 6 and 10 show the wave shape at the input grid of the 
slicer. Photo 2 indicates that, after the slicing operation has been begun 
by the front edge of the short duration input pulse, the duration of its 
operation is controlled by the decay of the RC circuit. 

Photo 10 shows that the slicer operation is controlled by the length 
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of the signal pulse when it is longer than the time constant of the RC 
circuit. 

Photo 6 indicates the slicer operation when the signal pulse is ap- 
proximately of the same duration as the RC time constant. (The loading 
of the oscilloscope at this point of the circuit shortens somewhat the 
decay time of the RC circuit.) 

A second conventional slicer circuit, V8 and associated components, 
operates on the pulse from the photo diode in the scanner. It produces 
in output rectangular pulse synchronized in time with the black-signal 
pulse produced at the termination of each scanning line by the scanning 
spiral. The negative pulse is passed to the carrier-oscillator unit where 
it operates a gate circuit consisting of one-half of a 12AU7 and associated 
diodes. The 26.880-ke carrier is interrupted during the time the gate is 
open. This carrier zero is used for blanking the reproducer beam and, 
after separation, for horizontal synchronization of receiver scanning 
circuits. 


1.3 Carrier Modulation 


Modulation of the carrier at 3.84 ke with the picture signals is done 
in two balanced modulator stages (see Fig. 10). The picture signals, 
having been limited to a nominal bandwidth of 3 ke by a low-pass 
phase-equalized filter, modulate a 26.88-ke carrier in a lattice copper- 
oxide varistor. The output balance has been adjusted so that signals 
corresponding to inked lines on the original cards produce maximum 
modulation. Signals corresponding to background information produce 


half-maximum modulation and synchronizing signals gate out or produce 


zero carrier. 

The double sideband frequencies around the 26.88-ke carrier are then 
filtered with a band-pass filter having flat loss and linear phase charac- 
teristics through the wanted-frequency band from 23.88 to approxi- 
mately 28 ke. Tolerances are unspecified over other frequencies in the 
two sidebands, since they are eliminated in the vestigial filter which 
follows the second stage of modulation. 

The resulting band of frequencies then modulates a 23.04-ke carrier, 
resulting in a 3.84-ke carrier with double sidebands. The result is shaped 
by a linear-phase low-pass filter which partially reduces the upper side- 
band and produces half of the vestigial shaping requirement of the 
system. 

An identical filter located in the terminal receiving equipment com- 
pletes the vestigial sideband shaping. Since it is located in the receiver, 
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Fig. 13 Oscillogram of transmitted signal. 
this arrangement assists in reducing noise produced by the transmission 
lines. 

The outgoing signal occupies the band from 840 to nearly 5,000 cycles 
and is transmitted to the balanced program circuit through an output 
line amplifier. 

The waveform of the transmitted signal, corresponding to slightly 
more than one line, is shown in Fig. 13. The carrier amplitudes cor- 
responding to the horizontal syne signals, to background and to inked 
lines are easily recognized. 


4.4 Addressing 


Since it requires 5 seconds to transmit a single message to one teller 
means must be included to direct each message to a particular teller, so 
that the transmitter and the wire circuit can be released for the use of 
other tellers. This switching is accomplished by sending a short pulse of 
tone of a different frequency for each receiver at the start of each trans- 
mission. The frequency of the tone, which serves as the address selector, 
is chosen by the transmitter operator by means of a key switch mounted 
on the operating console. This address tone, a single frequency between 
100 and 775 cycles per second, likewise serves as the vertical-start signal 
and activates the vertical sean for the chosen receiver. A momentary- 
contact relay, activated when the carriage on the scanner begins to 
move, gates a 40-millisecond burst of the address and vertical-start 


frequency, which is mixed with the picture signals. 
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The scanner carriage motor is started by two switches in cascade, 
one on the carriage cover and the other on the address key. Both must 
be closed to send the picture information, but the sequence is unim- 
portant. 


The processing and modulating circuits are located below the top of 


the operating console. The monitor unit, with its cover removed, is 
visible in Fig. 14. 


1.5 Operation 


The bank signature card and the corresponding account card are 
positioned in a card holder. 

The card holder is pushed into position on the top of the scanner 
carriage with the transparent lid lifted. 

Closing the lid and pushing the address button, in any order, initiates 
the transmission to a particular receiver. 

A reproduction of the subject material is displayed for a short time 
on the picture monitor. 


After the 5 seconds required for transmission, the carriage auto- 


Fig. 14 Transmitter unit, showing monitoring tube assembly. 
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matically returns to its ‘unloading’ position, where the card holder 
can be easily removed. 

A second loaded card holder can be inserted immediately for trans- 
mission of another message to another teller. 


V. RECEIVER 


It has been pointed out that the receiver for this experimental system 
should have several unusual characteristics. The selection of only one 
of a group of receivers, through the use of a burst of tone of a particu- 
lar frequency at the onset of a transmission, does not present any very 
difficult problems. However, our desire to present the received picture 
in nonpermanent form is a different matter. Here the problem is that 
of displaying a picture for possibly as long as a few minutes from a single 
transmission lasting only 5 seconds. Obviously, storage of some form is 
required. 


5.1 Storage Devices 


A study of several storage devices was made to determine their rela- 
tive ability to convert the electrically stored signal into a visual form. 
Magnetic storage drums were discarded because of circuit complexity 
required to avoid display flicker. The transmitted signal could be re- 
corded on a magnetic drum turning one revolution in 5 seconds and 
reproduced at the same speed repetitively for display on a long-persis- 
tence-phosphor kinescope. However, it was found that the intense 


writing beam of such a kinescope is distracting to the viewer. Familiarity 


with this type of presentation does enable some persons to disregard 
the beam’s presence, but others always find it annoying. The signal 
might be recorded on a drum rotating at } rps and reproduced at 60 
rps for flickerless display, but the accelerating time of the drum would 
have to be added to the file-search and transmission time. Existing 
sampling techniques could enable the magnetic drum to run continuously 
at the high speed but at the expense of added circuit complexity. 

Electric-to-electric or signal-converter storage tubes, and electric-to- 
visual or direct-view storage tubes were investigated. The electric-to- 
electric variety of tube has little to recommend it over the electric-to- 
visual model as to relative performance in this application, and the 
direct-view type requires much simpler circuitry. 

Tallying the advantages and disadvantages of these forms of storage, 
it appeared that, if large enough direct-view storage tubes could be made 
to accommodate a full-size presentation of the 14- by 5-in. scanning field, 
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such tubes would permit the simplest form of receiver. The bright-trace 
form of direct-view storage tubes available at the outset were 5 in. in 
size. These tubes have a working diameter of 3.5 in., and, for full-seale 


reproduction of the scanned area, we required 5.2 in. Both the Radio 


Corporation of America and the Farnsworth Electronics Company 
agreed to supply experimental quantities of 7 in. tubes with a working 
diameter of 5.5 in. The literature should be consulted for descriptions of 
the functioning of this tube.® ® 

A second form of electric-to-visual storage tube, best known as a 
dark-trace cathode ray tube, has been produced in 7-in. diameter models 
by the Skiatron Corporation and its licensees.’ 

All these storage tubes have their relative merits and faults, but very 
little comparative data are available. In order to ascertain the opera- 
tional characteristics of the tubes that were — or could become 
available, it was determined to construct three separate display units. 


Fig. 15 Common equipment block diagram. 


5.2 Receiving Equipment 


Since there may be several teller’s display units at a single terminal 
location, it was logical to split the receiving equipment into two units. 
One unit consists of the equipment common to all of the receiving instal- 
lation, in which the incoming signal is partially processed and then 
distributed to the several display units. This common-equipment unit 
is shown in Fig. 15. An isolating transformer feeds filters which complete 
the vestigial-sideband spectrum shaping and eliminate power frequency 
harmonics. The signal is then amplified for distribution. The individual 
display units comprise the remaining portion of the equipment. 

A block diagram of the control units for each display tube is shown 
in Fig. 16. The received signal is processed in three branches to achieve 
the required functions. The first branch includes a narrow band-pass 
amplifier for display unit selection. The tone burst at the beginning of a 
message intended for this station is passed through this amplifier to 
initiate the vertical deflection and simultaneously open a gate in the 
picture signal branch. The tone burst for other display units will be 
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rejected by the selectivity of the narrow band-pass amplifier. Conse- 
quently, the only display unit responding to a transmission is the one 
to which it is addressed. 


The second branch processes the received signal to provide a highly 


stable, continuous, horizontal sweep. The signal is envelope-detected 
to regain baseband, and the horizontal syne pulse is separated and 
stabilized by standard television methods. The stabilized syne pulse 
drives the horizontal sweep for the display tube. 

The third branch processes the picture signal. The received signal is 
translated to a higher-frequency region, for more accurate envelope 
detection. This is accomplished by a single modulation and band-pass 
filtering. After suitable amplification, the high-frequency signal is limited 
to three levels. This limiting effectively removes the central signal por- 
tion corresponding to the bank card background, and peak-limits the 
signal levels denoting the pen strokes of the signature or the typed 
account information. The signal at the ouput of the slicer is a high-fre- 
quency carrier modulated with the picture signal. Therefore, it may be 
coupled easily to the writing grid of the direct-view storage tube, which 
is at high de potential. The curvature of the grid characteristic of the 
storage tube is sufficient for demodulation of the signal. An identical 
slicer is used in the circuits for the dark-trace cathode ray tube. How- 
ever, an additional rectifier is provided at the grid of the tube in order 
to gain the greater writing beam currents required by this tube for 
acceptable contrast of the display. 














16 Teller’s control and display unit block diagram 
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Fig. 17 Amplitude and phase characteristics of high-pass filter of common 
equipment unit. 


Circuits are provided to protect the storage tubes against loss of 
deflection voltages. 


5.3 Common Receiving Equipment 


The incoming program line is terminated in the common receiving 
equipment unit. This unit is intended to be installed in a location con- 
venient to a building’s telephone-distribution terminal. The received 
composite signals are filtered by a 400-cps high-pass filter to remove 
the induced 60-cps power frequency and its first six harmonics. The 
amplitude and phase characteristics of this filter are shown in Fig. 17. 


A vestigial sideband ‘‘half-filter’’ completes the vestigial sideband shap- 


ing and also acts to reduce noise outside the useful frequency band. 
The over-all characteristics of the two parts of the vestigial sideband 
filter (one part is included in the transmitting equipment) are shown in 
Fig. 18. 

The filtered signal is amplified. Provision is made at the ouput of 
the distribution amplifier to feed as many as four balanced 600-ohm 
lines to as many teller’s display units. 

The tones for selection of a teller’s display unit can be located every 
75 eps from 400 to 775 eps. The principal picture sideband is 0.84 
to 3.84 ke and the vestigial sideband extends to nearly 5 ke. 
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Fig. 18 Amplitude and phase characteristics of vestigial sideband shaping 
in the system. 
5.4 Teller’s Display Unit 

The signal from the common receiving equipment is applied to several 
teller’s display units. The circuits for carrying out the necessary switch- 
ing, writing, and display operations are described in the following para- 


graphs. 


5.4.1 Frame Start and Address Tone Identification 


The line-isolation transformer of Fig. 16 delivers the composite 
picture signal to a sharply tuned active filter. This filter will respond 


only to the 50-millisecond address-tone burst of the proper frequency. 


At the start of a transmission, the appropriate tone burst is superim- 
posed on the composite picture signal. This address tone, as amplified 
and filtered, is used to trigger a single-shot vertical sweep generator and 


a gating circuit. 


5.4.2 Vertical Swee p Generation 


The address tone is detected by a voltage-doubler circuit but no smooth- 
ing is employed. The detected burst triggers a conventional, monostable, 
screen-coupled phantastron’ (Miller run-down). The plate output. of 
this circuit is a linearly decreasing voltage, which is an ideal generator 
source for a vertical deflection circuit. 
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5.4.3 Gate Control of Picture Signal 


Two or more teller’s display units may be used in a single installation. 
It is desirable, therefore, to disconnect the picture signal from all but 
the display tube for which the message is intended. Also, such switching 
avoids any possibility of damage to the storage surfaces of vertically 
undeflected display tubes. A suitable gating pulse is found in the screen- 
grid circuit of the phantastron vertical-sweep generator tube. This is a 
positive pulse of the same duration as the sweep voltage. The details 
of the gating circuit making use of this pulse are described in Section 
5.4.0. 


5.4.4 Translation of Received Picture Signal from 3.84 ke to 26.88 ke 


The vestigial-sideband composite picture signal at the input of the 
receiver may be envelope-detected to regain the baseband frequencies; 
however, this will result in distortion of the high-frequency components 
of the picture signal, since accurate resolution of the envelope is imprac- 
tical at these frequencies. In addition, the writing grid of the direct- 
view storage tubes is operated at a high de potential, requiring the 
application of signals through a capacitor. This capacitive coupling 
would produce distortion of the reproduced picture if the baseband 
picture signal were transmitted through it. These limitations are avoided 
by translating the carrier before detection or display to a frequency 
considerably greater than the highest baseband frequency. 

The picture signal is modulated on a 23.04-ke carrier in a balanced 
modulator to produce a double-sideband, suppressed-carrier output. 
The upper sideband produced by this modulation is transmitted and 
the lower sideband is rejected by a bandpass filter. The picture carrier 
at 3.84 ke is translated in frequency to 26.88 ke by this modulation 


process. 


5.4.5 Three-Level Limiting of the 26.88-ke Carrier Picture Signal 


In order to realize the advantages of binary transmission, it is ad- 
vantageous to insert a threshold detector in the signal path. This slicer 
separates the signal from average-level noise and also reduces signal 
distortions caused by delay distortion. The additional requirement for 
high-frequency coupling to the grid of the direct-view storage tubes 
led to the adaptation of a slicer which would operate at the 26.88-ke 
carrier frequency and not contain baseband signal components in its 


output. Such a slicer circuit is shown in Fig. 19. Both positive and 


negative alternations of the input signal are sliced at discrete levels 
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between black and white. Fixed-amplitude square waves are produced 
at the output. The only signal-level values permitted are positive 
maxima, zero and negative maxima. The ternary-valued output is a 
completely modulated carrier. This output is suitably amplified and 
capacitively coupled to the control grid of the display tube. The cutoff 
characteristic of the grid effects half-wave envelope detection. 


5.4.6 Vertical Sweep-Period Gating of Picture Signal 


To insure no response in the unselected teller’s display units, as 
mentioned earlier, the picture signal circuits must be gated. 

During the vertical sweep period, the gating pulse available at the 
screen-grid of the phantastron circuit is applied to adjust the bias of 
tube V1 in Fig. 19, for proper slicing action. This bias value is such that, 


with zero signal level input, diodes D1 and D4 are conducting. The 


voltage difference between the anodes of D1 and D3 is set so that the 
input signal level corresponding to background is not sufficient to cause 
D3 to conduct or DI to cease conduction. The signal level corresponding 
to signature information is sufficient to cause D3 to conduct on the 
positive peaks and D1 to cease conduction on the negative peaks. This 
gives rise to an output waveform at V2 restricted to positive and nega- 
tive peaks and zero. 


“mae 











Three-level limiter schematic. 
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Upon completion of the vertical sweep, cessation of the positive 


pulse reduces the bias on V1 to a negative value and signals are unable 
to influence further the output of V2. 


5.4.7 Horizontal Syne Pulse Separation 


The composite picture signal, after frequency translation, is envelope- 
detected and the horizontal syne pulse is derived from the picture signal 
by the familiar amplitude-separation technique of broadcast television. 
After separation, the syne pulse is amplitude-limited to remove ampli- 
tude components of the transmission-line noise. 


5.4.8 Horizontal Syne Pulse Stabilization 


The limiting of the horizontal syne pulse results in a pulse with fast 
rise and decay times, but the timing of the leading and trailing edges is 
perturbed by noise. A further refinement is necessary to minimize the 
disturbance to sweep timing arising from this cause. The clipped hori- 
zontal syne pulses are phase-detected against locally generated pulses 
and the time difference between these two signals results in an error 
signal whose value is a function of such difference. This error signal is 
integrated and applied as a correcting voltage to change the phase of 
the local pulse source. These locally generated pulses drive the horizontal 
sweep generator. Therefore, short-term errors, such as are representative 
of noise, cause only minor perturbations of the horizontal sweep. 


5.4.9 Horizontal Sweep Generation 


The stabilized horizontal syne pulses trigger a saw-tooth generator 
which, in turn, drives a deflection amplifier. The average voltage with 
respect to the cathode ray tube gun at the output of both the horizontal 
and vertical deflection amplifiers is adjustable for optimum focusing of 
the storage tube displays. Adjustments are also provided for centering 
the sweeps in the display. 


5.5 Features of the Teller’s Display Units 


Three separate display units were constructed for study of the different 
storage tubes. Each unit provides physical mounting for the tube, and 
for its operating potential supplies ,as well as switching and protection 
circuits. 
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Fig. 20 Direct-view storage tubes 
5.5.1 Direct-View Storage Tubes 


Fig. 20 is a photograph of the direct-view storage tubes as manu- 
factured by (from left to right) the Farnsworth Electronics Company, 
the Radio Corporation of America and the National Union Electric 
Corporation, as a licensee of Skiatron Corporation. Fig. 21 shows a 
representative tube mounted in its housing. These frameworks are 
designed for mounting in a teller’s desk. For demonstration purposes, 
they are fitted with covers and mounted on mobile carts. 

5.5.2 Switching Circuits 

Switching circuits are required for properly cycling the operations of 
the direct-view storage tubes. Some means must be provided to main- 
tain these tubes in a state of readiness to store an incoming signal. This 
is achieved by maintaining the storage mesh at erase potential during 
any period when there is no signal stored and being viewed. Additional 
switching disables the phosphor-screen high voltage during all but the 
viewing period. One further switching circuit is provided to permit either 


manual erasure of the stored information or automatic erasure after a 


total viewing time of two minutes. The automatic feature is provided 


to insure readiness to store new information in the event of a teller’s 
failure to erase a previous message. 

The switching functions required for the dark-trace cathode ray tubes 
are somewhat different. Upon completion of the short cycle of erasure 
performed by heating the scotophor with an internal filament and then 





THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1959 


permitting the surface to cool, this tube is in a condition to record another 
message, and will continue in such a state indefinitely without further 
manipulation. In order to conserve power, the high voltage supply is 
enabled only during the writing process, as it is only during this period 
that the electron gun of the tube is active. Again, both manual and 
automatic erasure are provided. 

The erasure filament must be maintained at high voltage (13 kv) 
during the writing cycle for proper beam focus. Consequently, erasure 
is carried out by disconnecting the high voltage from the erasure fila- 
ment before the heating power is applied to it. Vacuum switches were 
used in this equipment, but the need for switching would be eliminated 
if a suitable isolation transformer were used for the heating power. 


5.5.3 Tube Protection Circuits 


A circuit is provided to protect the storage tubes against excessive 


beam current density in the event of a horizontal sweep failure. This 


Fig. 21 Display unit employing a Farnsworth Electronics Company 7-in. 
direct-view storage tube 
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circuit is also self-protecting against the most common types of vacuum 
tube failures. 
5.5.4 Operating Potentials for Display Devices 


Potentials for the critical anodes of the direct-view storage tubes are 
provided through cathode followers to improve the voltage regulation. 


The writing gun and screen voltages are provided by separate supplies 


for independent operation and switching. 

The dark-trace cathode ray tube may have all required potentials 
supplied by a single 15-kv high-voltage power pack. Separate anode 
potentials are derived from taps on a resistive voltage divider. 


VI. EXPERIMENTAL RESULTS 


By constructing separate receivers for each of the three storage tubes 
subjective evaluation was accomplished. All three tubes performed 
adequately to accomplish the desired purpose and, fortunately, there 
is no need to designate a ‘“‘best’”’ tube, since this equipment was not 
intended for Bell System manufacture. 

Craphic presentation of the over-all results in the form of photographs 
of the storage tube viewing screens is given in Fig. 22. The signals 
shown stored in these photographs were transmitted over a 40-mile 
loop of a 5-ke program channel. It is evident from Fig. 22 that the system 
design produced the desired results. It is also evident that all elements 
of the system have been taxed to their limits of performance. If the time- 
bandwidth product were appreciably increased the available storage 
tubes could not adequately display the increased information. Similarly, 
if the quality of the storage tubes were significantly better only marginal 
improvement of the system would result. Only an increase in both the 
time-bandwidth product — by appropriate changes in the transmitting 
equipment — and an improvement in the resolution and quality of the 
storage tube can improve the net results. 

The most serious distortion of the transmitted signal resulting from 
transmission was found to be delay distortion. The delays encountered, 
however, were well within tolerable limits for program use. Noise intro 
duced by typical long circuits was found to have little effect on the pic 
ture in the presence of the larger distortions produced by delay distor- 
tion. A series of tests was run to show the transmission distance limit 
of some representative forms to Bell System 5-ke program circuits 
without additional delay equalization. 

Fig. 23(a) shows the output of the transmitter to the program line 
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after the half-filter has partially shaped the vestigial sideband. Fig. 23(b) 
shows the same signal after transmission from Murray Hill to Phila- 
delphia via New York and return over a 5-ke program circuit on an 
audio-frequency cable system. Fig. 23(c) shows the same signal after 
frequency translation and limiting. It is seen that the limiting process 
was capable of separating the delay distortion components from the 


desired signal. Fig. 23(d) is a storage-tube viewing screen photograph 


of a sample transmission. 

Similar data also are shown in Fig. 23 for various other loops. An 
audio-frequency cable channel to Washington, D. C., and return showed 
no loss in picture detail. The doublet and triplet output of the three- 
level limiter resulting from circuits with large amounts of delay dis- 
tortion produce unusable results at some threshold level. All lines with 
less distortion produce no visible distortion in the display. 


MANUFACTURER A 
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MANUFACTURER B 


Photographs of storage tube viewing screens with stored signal. 
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VII. CONCLUSIONS 


It has been shown that it is indeed feasible to build a visual communi- 
cation system combining to advantage features of television and fac- 
simile. While the results represent a solution of a particular communi- 
cation problem, it is apparent that the techniques used may be applied 
to many similar problems in the business field. It should be obvious 
that the physical form of equipment for use in any specific application 
would differ in many details from that used in our experiment. 

In considering the results of this experiment, the reader must keep 
our goals in mind. One aim was to demonstrate the use of a system 
intermediate between facsimile and television and providing features of 
both types of visual communication facility. Another aim was to demon- 
strate that, for some purposes, the product of transmission bandwidth 
and time could be reduced to a minimum without impairing the read- 
ability of the reproduced image. It is obvious that the resulting images 
have very little esthetic appeal; the use of a larger over-all time- 
bandwidth product coupled with display devices capable of increased 
resolution would result in more pleasing images. 
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The Z Transformation 


By H. A. HELM 


(Manuscript received April 15, 1958) 


The Stieltjes integral is used to develop a rigorous derivation of the 
transform. Sufficient properties of the transformation are included to form 
a reasonably complete basis for the operational solution of constant coe ffi 
cient, linear, finile difference equations. 


I. INTRODUCTION 


The desire to use digital computers in automatic control loops created 
the need for methods with which to analyze systems that are partly 
continuous and partly discrete. Since the methods of network theory 
could be applied to the analysis of the continuous part of such a hybrid 
system, it was natural that such methods should be extended to in- 
clude the discrete case. This resulted in the z transform introduced by 
Raggazini and Zadeh.’ There is today an extensive literature devoted 
to the z transform.”' * * However, the fundamental assumption of the z 
transform derivation is that the process of instantaneous sampling is 
equivalent to the amplitude modulation of a train of unit impulses by 
the ‘‘sampled” function. But the unit impulse as commonly defined has 
infinite height and zero widh, and the process of amplitude modulating 
such a function is not intuitively clear. While it is true that such a 
process may be considered as an approximation to the behavior of a 
linear network with an amplifier and sampling switch, “impulse sam 
pling’ bears no simple relation to the manner in which the digital com- 
puter operates. The digital computer, in the type of real time operation 
typical of control system applications, works with sequences of numbers 
which represent a continuous function evaluated at particular instance 
of time. Since these numbers must of necessity be finite, ‘impulse sam- 
pling” is not an obvious mathematical model for describing the working 
of the computer. It is the intention of this paper to define the problem 
from the point of view of operations within the computer and to develop 
a rigorous and appealing derivation of the z transform. 

In place of impulse modulation, the alternate approach is taken 
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of generalizing the definition of the Laplace transformation by means of 
the Stieltjes integral. This approach has the advantage of rigor and of 
more closely relating the operational solutions of continuous and dis- 
crete systems. As developed below, only rational transforms are con- 
sidered. Also, in general, functions involving derivatives of impulses can- 
not be represented by the Stieltjes integral. Practically, these restrictions 
do not limit the applications greatly. Derivation of the principal proper- 
ties of the z transform, based upon the Stieltjes integral definition, are 
given in the Appendix. 


Il. THE LAPLACE-STIELTJES TRANSFORMATION 


The Stieltjes integral has the important property of including both 
sums and limits of sums (integrals). For the reader’s convenience the 
definition of the Stieltjes integral as given in Widder’ is repeated. 

Let an interval (a, b) be divided into sub-intervals in the following 


manner: 
a te <2 Bes t, =D 
and let A equal the largest of these subintervals. Then the Stieltjes in- 


tegral of f(a) with respect to a(x) from a to b is 


nb 


f( x) da(x) 


m >. falar) — ares], (1) 


= |i 
va A-0 k=1 


where x,; S ¢ S 2. The left-hand side of (1) is the usual notation for 
a Stieltjes integral. The integral itself is defined only when the limit on 
the right exists. It can be shown’ that the integral exists if f(x) is con- 
tinuous and if a(x) is monotonic but not necessarily continuous, 1.e., 
nonincreasing or nondecreasing. We shall asfume that both these condi- 
tions apply to all functions to be considered. However, these conditions 
are quite strong and will be somewhat relaxed subsequently. 

It is now possible to generalize the Laplace transformation by making 
the defining integral a Stieltjes integral. Thus, 

LAf()) = | sve“ dalt), 
*0 
W here 
Ss ao + jw. 


It is assumed that (2) is subject to all the above restrictions. As defined 


by (2) the Laplace-Stieltjes transformation actually defines a different 
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transformation for each different selection of the function a(t). If a(t) = ¢, 
(2) reduces to the usual definition of the Laplace transform. If a(t) is 
continuous and has a continuous derivative, (2) reduces to the Laplace 
transform of a’(t)f(t), which may ke handled by the usual theorems of 
the Laplace transform. However, if a(t) is not continuous a new class 
of transformations results. For the purpose of this paper, the func- 
tion a(t) will be defined as the ‘‘staircase”’ function which increases by 
unity at integral multiples of 7 but remains constant between such 


points. This function is shown in Fig. 1. The constant 7’ is equivalent 


to the sampling period of modulation theory. From this point on, the 
function a(t) will be assumed to be that of Fig. 1. Thus, (2) may be 
evaluated for this a(t) by means of (1) as 


St 30 


| f(te dalt) = Xo f(nT)e"™ = Fle’), (3) 
“0 n= 
where a(t) is given by Fig. 1, s o + jw and f(nT) is the function f(f) 
evaluated at ¢ nT. Since a(t) is monotonic, and we have restricted 
f(t) to continuous functions, (2) clearly exists. This does not imply that 


the series on the right converges or diverges. Since no part of f(t) be- 





ee 











Fig. 1 ‘Staircase’ function a(t 
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tween multiples of 7 affects (3), f(Q: need only be continuous and well 
defined in the neighborhood of the points ¢ = nT’; i.e., have no discon- 
tinuities or “jumps” at multiples of 7’. 
A simple change of variable in (3) introduces the z transform. Let 
) 


e*” and substitute in (3): 


LAf(t)) = | f(t)e"" dot) = Qo f(nT)z" = fle). (4) 
“0 n=( 
The expression (4) emphasizes the power series nature of the z transform. 
Since the functions with which we shall deal are convergent, they can 
almost always be written in closed form. In fact, to allow the order of 
certain limit functions to be interchanged in the development of various 
theorems, absolute convergence of (4) will be assumed. That is, 


90 


> |f(nT)z" | S M, (5) 
n=0 
where M is finite although possibly very large. The magnitude of z is 
e ""’ and if (5) holds for some o, say oo, it will obviously hold for any 
ao > oo. In the following sections, the functions f(t) are now restricted to 
those functions for which (5) holds. Rewriting (5) as a Stieltjes integral 
leads to: 


aX 


| f(t) |e" da(t) S$ M, (5a) 
“0 


which holds for the Laplace transform when a(t) = ¢.” The restriction of 
absolute convergence has little practical effect upon the utility of the 
transform. 


Ill. THE INVERSE TRANSFORM 


An inverse transform is necessary for operational completeness. The 
derivation is straightforward, making use of Cauchy’s method for evalu- 
ating the coefficients of a power series.’ The proof proceeds from the 
definition of the z transform in (4): 


20 


TJ) = >> f(nP)z” = FC). 


ixpanding, 
f(z) =fO)+f(T)e' +--+ +f(nT — T)ez 
n+] 


+ f(inT + T)z oo 
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which is absolutely convergent for |z| = 7°’. Since F(z) is a power 
series, absolute convergence also implies uniform convergence within 
the radius of convergence. Hence, (6) may be integrated term by term 
along a contour such that | z| > e°’. Multiplying by 2" ’ and so inte- 
grating gives: 


| 2” F(z) dz = | so)z" ‘dz + [s T)2"* dz + 
Jr Jp Ji 


|. [ fut - T) ds + fs nT)z' dz + 


Jr d 
4- | fn + mT')z 
JI 
where m = 1, 2, 3, --- and, I the contour of integration, is a circle en- 
closing the origin of the z plane and whose radius is greater than ¢’°’ 
e P . . ane 1 ‘ : 
It is obvious that all integrals except | f(nT)z dz either have no singu- 
Ji 
larity within the contour of integration, and hence are zero, or else have 
a pole at the origin of order greater than unity, and hence also are zero. 
Therefore, (7) reduces to 


| 2""'F(z) dz = f(nT) 2 dz, (8) 
JI 


since f(nT) is the function f(¢) evaluated at ¢ = nT’, and hence a constant: 
Thus, the inversion formula becomes 
“_" | fT te 
f(nT) -f 2 F(z) dz. (9) 
2m) +1 
It is necessary to add a word of caution here. Equation (9) only gives 
the value of the function at one point, ¢ = nT’. Obviously, by assigning 
any given integer to n the value at any point may be obtained and, 
usually, this is sufficient. However, in the case of certain summations 
this will lead to a very confusing notation. To avoid this, we introduce 
the notation 
{f(nT)} m 
to indicate the sequence 
f(O), f(T), f(2T) «++ , f(mT), «++, f(mT). 


Omission of the subscript m will denote an infinite sequence. 
It is now possible to summarize the Laplace-Stieltjes pairs: 
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a 


LAP) | fe dalt) = F(e’”) 
0 


a® 


LAf(t)|) = | f(t)z "" dalt) = F(z), 


“0 


2m) 


L, '|F(2)] 2" F(z) dz = f(nT). (9) 
Ji 

A closer inspection of the above pairs indicates a very interesting prop- 
erty of the Laplace-Stieltjes transformation. A continuous function f(t) 
is transformed and then the inverse operation performed. However, the 
function is then only defined at integral multiples of 7, i.e., at ¢ = nT. 
This is exactly equivalent to “sampling”; that is, the computer, by 
means of some encoding device, evaluates instantly a continuous fune- 
tion of time (commonly represented by voltages, shaft positions, etc.) 
at periodic intervals. The L, transformation is a mathematical model or 
abstraction which represents this process. It is very often the case that 
the function which is to be sampled (a voltage, for instance) is applied 
to a linear network and then sampled, and it would be very convenient 
to be able to analyze the system directly from the Laplace transform. 
Such results follow from the relationships between the Laplace and 
Laplace-Stieltjes transforms which we develop below. 


IV. THE RELATIONSHIP BETWEEN THE LAPLACE AND LAPLACE-STIELTJES 
TRANSFORMATIONS 


The transform pairs (3) or (8a) and (9) are sufficient to derive opera- 
tional methods for discrete linear systems which are similar to those of 
continuous linear systems. However, there are several reasons for ex- 
amining the relationship between the two transforms. In the first place, 
many of the most interesting problems arise from the analysis of systems 
which are partly continuous and partly discrete. Also, the relationship 
between the Laplace-Stieltjes and Laplace transforms may be expressed 
as a convolution integral, which historically was used first in the study 
of these systems and which is still a very handy computational formula. 

Returning to (4), we have 


20 


LAf)| = >> f(nT)e"™. (4) 


n=0 


The inverse of the normal Laplace transform, with the simple change of 
variable ¢ = nT and using p in place of the usual s, is 
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f(nT) = = i F(p)e”"” dp, (10) 


where I’, the contour of integration, encloses the poles of F(p), which is 
assumed rational. Substitution of (10) into (4) gives 


n=() 


- = n s ] ; 7 mm 
LAS) = bo yer Daj I F(p)e’ "dp 


x 


l Pa a) nT 
a He | F(p)e’ dp. 
“7 ) n=() Jr 
Since the series (4) and the integral are both uniformly convergent, the 
order of summation and integration may be interchanged: 


20 


LAf(t)| = > F(p) = oe dp. 
2 r 


l 
1) © n=0 


»—s) T : . . 
< 1, we may sum the geometric series in (12) to 


= 


ie 
¢ 
n () 
where the condition that this summation be valid is that Re p - 
Thus, (12) becomes 


LAf(O| = : ; | 


F( Pp) 
2aj Jr 1 — 


—~ Gp. 

The contour of integration, [’, is the usual one parallel to the imaginary 
axis extending from —j2* to +j to include all possible poles. However, 
since we do not wish to exclude functions which do not vanish as s(or p) 
approaches infinity [in particular, F(p) = constant] the contour is closed 
by an infinite semicircle to the left from +j* to —j2. The requirement 
that Re p < Re s is equivalent to stating that [ shall include the poles 
fo F(p) but exclude the poles of 


l 
1 — e@ 


If the inverse Laplace transform of 
F(s) 


be interpreted as the sum of a sequence of unit impulses, 67(f), a distance 
T apart, then the amplitude modulation of 67(¢) by some function f(¢) 
may be found, from the complex convolution formula of Laplace trans- 
form theory, to be: 
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LU f(t)67(t)] = Z if Fp) dp, 
2m) Jr 1 — ef? - 7 
which is, of course, the Laplace-Stieltjes transform of f(t) as given by 
(14). Hence, the Laplace-Stieltjes transform is formally equivalent to 
the results of impulse modulation in the sense that both lead to the same 
transform. However, the definition of the Laplace-Stieltjes transform 
is rigorous and it directly relates discrete and continuous systems. In- 
tuitively, one would expect that, as the interval between samples ap- 
proaches zero, the Laplace-Stieltjes transform should approach the 
Laplace; i.e., the discrete system should look more like the continuous. 
This follows from the definition of the Laplace-Stieltjes transform. 
Note that, for the a(t) of Fig. 1, 
lim T'a(t) 


T>0 


Thus, 


lim TLS] = lim | fe“ dTalt) 


T+0 T-0 0 
oe 


| f(He“ dt = LIf(o), 
“0 
which is the desired relation, the Laplace-Stieltjes transformation ap- 
proaching the Laplace in the same manner as the staircase distribution 
function Fa(t) approaches the straight line ¢. 
iquation (14) is a very useful computational tool and can be used to 
prepare a table of Laplace-Stieltjes transforms from the common tables 
of Laplace transforms. Some elementary functions are given in Table I, 
where a direct comparison between the two transforms can be made, 
the Laplace-Stieltjes transform being written in the e*’ form. Such a 
comparison is interesting, but the relationship between the two trans- 
forms can be better shown by a closer examination of the transforms of 


at. 


some elementary functions. Consider first f(t) = « 


F(s), (15) 


F(e**). (16) 


The single pole at s —a of F(s) is shown in Fig. 2(a) in the usual man- 


ner. However, /(e"’) has an infinite number of singularities occurring at 


8 —a + 2nn/T(n = 0, 1, 2, --- ). Thus, the effect of sampling is to 
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multiply the single real pole of the L transform into an infinite number of 
complex poles as shown in lig. 2(b). The case of imaginary roots in the s 


plane is even more interesting. Let f(4) = sin Bt 


Lisin pt] = —°— = F(s), (17) 
s° + B 
sT . ah 

(ieee see (18) 
e@T — Ye'T cos BT + 1 
The singularities of /(s) are shown in Fig. 3(a) and those of F(e*’) in 
Fig. 3(b). Here, the sampling multiplies the original pair of poles into 
an infinite number of such pairs. The center of each pair is separated from 
the next by a distance of 27/7. The distance or period 7’ may be identi 
fied with a radian sampling frequency w 2r/T. From Fig. 3(b) it is 
apparent that, if 8 = w,/2, the pairs of poles overlap each other and form 
a new configuration which is indistinguishable from a configuration 
resulting from some function of radian frequency less than w,/2. This 
result also follows from Shannon’s sampling theorem which, in effect, 
states that, if the original signal is to be recovered after sampling, then 
the sampling frequency must be greater than twice the highest frequency 
sampled. 

If the 1 transformation of a function has a singularity in the right half 
of the s plane, the 1, transformation will have an infinite number in the 
right half plane. 


TABLE | 


e-@' sin Bl ’ sin BnT 
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(a) (b) 


Fig. 2 (a) Single S plane pole of F(s) = 1/(s + a@); (b) infinite number of 


complex S plane poles of F(e*?) = e*?/(e*? gat). 








Fig. 3 Pair of S plane poles of F(s) = 8/(s? + 6?); (b) infinite number of S 
plane pole pairs of F(e*™) = e*®? sin BT'/(e*7 2e*T cos BT + 1). 
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The change of variable, z = e*’, which introduces the z transform, 
simplifies the above mappings. It is well known that the transformation, 


= e*’, maps the imaginary axis of the complex s plane into the unit 
circle about the origin in the z plane. The left half of the s plane maps 
wholely within the unit circle, the right half maps exterior to it. Since 
the z plane mapping is repetitive for multiples of 27/7’, the infinite num- 
ber of roots and root-pairs in the s plane map into single roots and root- 
pairs in the z plane. 


V. APPLICATION OF THE ZL, TRANSFORMATION TO THE SOLUTION OF 
FINITE DIFFERENCE EQUATIONS 


Many of the concepts of sampling can be applied to the solution of 
linear finite difference equations, with constant coefficients. These equa- 
tions are simply linear combinations of sequences of numbers shifted 
forward and backward in time by integral multiples of some fixed inter- 
val. In the case of a digital computer operating in a control loop, the 
sequences are actually generated by sampling some continuous function 
of time. If the assumption is made that all the sequences in a finite dif- 
ference equation result from such sampling, then the L, transformation 
offers a very useful method for the operational solution of such an equa- 
tion. The resulting solution is the “smooth” curve which, when sampled, 
will give the sequence satisfying the difference equation. 

A finite difference may be defined in either of two ways. One could be 
called a backward difference, defined as 

A,ly(nT)} fy(nT)} — ty(nT — T)} (19) 


\- 


That is, the backward difference is simply the difference of two sequences, 


one of which is the other shifted backward one interval in time. Since 
there is no possibility of ambiguity, the braces may be omitted and (19) 
written in the more usual form 


AbYnt Yut — Ynr—t- (19 
In similar fashion, the forward difference may be written as: 
APYnt Ynt+7T — Ynt- (20 


Higher differences of course are formed by taking ‘‘differences of differ- 
ences.” That is, 
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In order to eliminate possible confusion between differences, a difference 
equation can always be expanded and written in the ordinate form: 


n m 
» bDiYnr+it + > a QiYnr iT = Zar. 


j=1 i=() 


If the assumption is made that the sequences {y(nT)}, {a(nT)} re- 
sult from a sampling of some continuous function which has an L, trans- 
form, then the finite difference equations of the above form are readily 
solved by the L, transformation. This follows from the results of Prop- 
erty I of the L, transform, which is proved in the Appendix. The property 
is repeated below without proof. 

Property I: If L.{f()\ = F(z) and a is a nonnegative integer, then: 


LIf(t — aT)| = Lf f(nT — aT)}) 


=g | + 2. f(- m2" 


m=) 


LI[f(t + aT)| LA{ f(nT + aT)}} 


< (22) 
se | Fee — > f(mT)z 7. 


Application of (21) to the backward difference equation (14) leads to 
l . | = l , ry 
L JAY ar} - Y(z) — y(-T) 
and to the forward difference 
L.{Agtnr] (z — 1)Y(z) — zy(O). 

The terms (0) in (23) and y(—T7') in (24) are the usual initial condi- 
tions, and allow the specification of arbitrary boundary conditions in a 
manner completely analogous to the insertion of initial conditions in the 
solution of differential equations. However, for simplicity, zero initial 
conditions will be assumed in the problem below. 

(s an example, the above can be applied to the simultaneous difference 
equations: 

0.25yn-1 + w, Bas 
-1.0y, — 0.25yn-1 + Wr + 0.5wy,_-1 0, 


with 7’ taken as unity for convenience. Letting 
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Y(z) = Llyn, 
W(z) = L,[w,l, 
X(z) L,|z,.), 
and performing the indicated operation on (25) leads to: 
0.25Y(z) + zW(z) = zX(z), 
—(z + 0.25) Y(z) + (2 + 0.5)W(z) 0, 
whence 
Wig) so eS Se (27) 
27> + 0.52 + 0.125 


As a “test function” let a(n) be the unit sample defined as unity for 
n = 0 and zero elsewhere. The L, transform of x, is then L,|z,,| , 
and it follows that 


2e(z + 0.25) 
((z + 0.25)? + .0625] 


W(2) 


By the application of (9), 


» 


Wy, 1(0.35)""" sin (n + 1 ) oa + (0.35)" sin n 7: (29) 


In a similar manner w,(or y,) may be determined for any function 2, 
which is L,-transformable. 

In electrical network theory based upon the Laplace transform, the 
weighting function of a network is the time response of that network to a 
unit impulse. The analogy to the above response of a difference equation 
to a unit sample is clear. The fact that the difference equations could 
describe the operation of a digital computer performing linear operations 
in real time lends physical reality to the analogy and introduces the con- 
cept of a digital network. The designer of a servomechanism or feedback 
amplifier is concerned that his device shall be stable. The designer of a 
program for a digital computer is likewise concerned that his machine 
behave in a stable manner. Here, stability is defined in the sense of the 
electronic network designer that, for any bounded input, the output shall 
not continually increase. This is more elegantly and precisely stated in 
terms of the complex s plane. Here, the criterion for stability is that the 
characteristic equation have no roots in the right half of the s plane. 
Since the defining transformation z = e*” of the z plane maps the right 
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See 
ANGLE N DEGREES 





Nyquist plot of 2? + 0.52 + 0.125. 


half of the s plane onto the exterior of the unit circle, the criterion for 
stability of finite difference equations is that the characteristic equation 
shall have no roots exterior to the unit circle in the z plane. Intuitively, 
it would seem that Nyquist’s criterion could be applied in one form or 
another directly in the z plane to determine stability. However, the ap- 
plication is not as attractive as in the continuous case. The finite differ- 
ence equations (25) will be used to illustrate the point. As above, the 
roots of the denominator of (27), the L, transformation of (25), determine 
the stability of the difference equations. Since all roots do indeed lie 
within the unit circle, as z takes on values along the unit circle in the 


positive sense, the plot of 2 + 0.52 + 0.125 will encircle the origin in 


the positive sense a number of times equal to the number of zeros of the 
polynomial which lie within the unit circle (two in this case). Fig. 4 is 
such a plot and it is readily apparent that there are two encirclements. 
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In principle, the method can be extended to a polynomial of any order. 
As a practical matter, counting the number of encirclements from a poly- 
nomial of high order without making a mistake would be difficult. How- 
ever, this is not the most important point. One of the great attractions 
of the Nyquist criterion to the practical designer of feedback devices is 
that not only does it determine stability but it also indicates at a glance 
the margins against instability. To know the allowable variation in the 
gain of an amplifier, as a specific example, is of great value to the de- 
signer (and manufacturer) of a feedback amplifier. Unfortunately, in 
the discrete case no such information is apparent and the indication is 
simply one of “go’’ or ‘‘no go’. 


If the change of variable w = z’ = e *” is made, the right half of the 


s plane is now mapped into the interior of the unit circle, and hence the 
criterion for stability becomes the more usual one of not enclosing the 
origin. Illustrating, the characteristic equation of (27) becomes; 


w + 0.5w ' + 0.125. (30) 


As w takes on values on the unit circle in the positive sense, (30) has 
exactly the same values as shown in Fig. 4 with the exception that the 
curve now encloses the origin in the negative sense and, hence, stability 
depends also upon the sense of enclosure. The difficulties above will 
usually require that stability analysis still be made in the s plane. How- 
ever, some advantage can be taken of the angle preserving properties 
of the change of variable s 1/T In z. 


VI. CONCLUSION 


The Laplace-Stieltjes derivation of the z transform is straightforward 
and rigorous. As x mathematical model of the sampling process it has 
the advantage of also describing some of the operations possible within 
the computer. In particular, since it can be used as a basis for the opera- 
tional solution of linear finite difference equations it closely relates the 
solution of discrete linear systems and continuous linear systems. It 
is of considerable advantage to be able to apply the methods of network 
analysis to this type of computer operation. The Laplace-Stieltjes trans 
formation forms the connection in a very clear manner. 
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APPENDIX 


PROPERTIES OF THE L, TRANSFORMATION 


The utility of the Z, transform is increased by various properties per- 
taining to its use. The more important of these properties are derived 
below with some discussion of the area of application. Such discussion 


must of necessity be brief. 


Real Translation 


This property is the basis upon which the operational solution of linear 


finite difference equations is based. 
Property I: If L,{f(b)| F(z) and a is a nonnegative integer, then: 


LAf(t — aT)| oo | Fie 4. > fl _ mre" |, 
m=) 


a—l 
LAf(t + aT)| 2" | Fie - ye f(mT )z i. 


The proof of the first part follows: 


By definition 
L.A f(7)| | f(r)e ” dar) F(e**). 
“0 
Dividing the range of integration into two parts: 


"00 0 


F(e*’) | (re " da(r) — f( re *” da(r). 


aT /—aT 


We now let + = ¢ — aT in the first integral on the right-hand side: 
»0 


F(e*") | f(t — aT )e a alt = Qty +- f(r)e " daft). (31) 


“0 aT 
From Fig. 1 it is apparent that 
da(t — aT’) da(t). 
Hence, 


0 
f(t — aT)e* dat) — / I(r)e dalr). (32) 


v¥—aT 
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But the second integral may be evaluated as: 
S(re * dar) = > f(—mT)e”™. 
Substitution of (33) into (32) and rearrangement leads to 
e ml Re ~ % t—mrye" | = [ f(t — aT)e™ dealt). 


But the right-hand side of the above is by definition L,[{f(t — aT))}. 
Making the usual substitution of z = e*” now leads to the desired result: 


LIf(t — aT)| = 2° | Fe +. z fi =z". (34) 
m=1 
We note in particular that, for a = 1, 
LAf(t — aT)| = 2 "[F(z) + f(—T)}. 
For proof of the second part, the range of integration is divided into 
two parts: 


200 a (a—1) T+ 
LA f(r)| = | f(re" dalr) + | f(r)e ” dar). 


“aT “0 


Letting 7 = ¢ + aT in the first integral on the right-hand side, we have 
a—1)T+ 
fit +. aT )e — dalt 7 aT’) oe | f(rde * dalr). 
0 


Rearranging and substituting da(t + aT) = da(t), 
; a—1)T+ awe 
en Re” — [ I(r “dail | | f(t + aT)e " daft). (35) 
/0 J “0 
The integral on the left is obviously 
a—1) T+ a—l 
f(r)e" dalr) = f(mT)e™" 
0 m= () 
and substitution into (35) gives 


a—l 
en re ~ ¥ fim) “i LAf(t + aT)), 


m= 


whence 


0 


a l 
LAftt + aT) = 2 | Fee = > f(mT)z "|. 


For the special case of a = 1, we have 
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LAf(t + T)| = 2[F(z) — f(O)| = L[f(t + 7). 


Finite Differences 


An immediate consequence of the real translation property is that 
for finite differences. If finite differences are defined as in the text, we 
have: 

Property II: If the sequence \f(nT)} resulting from the sampling of the 
continuous function f(t) has the L, transform F(z), then: 


Lldo{f(nT)}] = LlAvferl 


LAAsfar) = (2 — 1)F lz 
By definition, 
L( Aofnr) Bis 


By linearity of the transform and (34), 


LAAofur) F(z) — z"[F(z) + f(0)| 


= (: _ ') F(z) — fi—T). 


Again, by definition, 
L(Asfnr) Ls farar — Suz) 
and, by linearity of the transform and (37), 


L.(Arfnr) 2[F(z) — f(O)| — F(z) (z — 1)F(z) — 2f(O). (39) 


Finite Summation 


As integration is the inverse operation of differentiation, summation 
can be considered the inverse operation of taking differences. This is 
demonstrated more clearly in the property below. The process of finite 
summation is best demonstrated in the case of a computer operating 
in real time. The computer samples a function which is continuous and 
well defined at the sampling instants. At each sample the computer 
adds that sample to the sum of all preceding samples. If the result of 
this operation is a sequence {g(nt)}, we have as the value of g(nt) at any 
time nT: 


g(nT) = > f(kT), 
} 0 
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where {f(k7')|, is the sequence of sampled inputs. The analogy to inte- 
gration with respect to time is clear. The L, transform of such a summa- 
tion is given below. 

Property III: If {g(nT)\ ts an infinite sequence such that each value of 
it is given by g(nT) = > ro S(kT), then G(z) = 2/(z — 1)F(z), where 
F(z) is the L, transform of the sequence \f(nT)}. 

By definition: 


wn 


Gz) = D> g(nT)z". 


n=() 


Substitution of the value for g(n7’) gives 


2 n 
Giz) = =z" | Sacer) | 
n=( k=) 
Since we are dealing with uniformly convergent series, the order of 
summations may be interchanged, provided a suitable change in the 
limits is made in a manner equivalent to the change in limits when the 
order of integration is interchanged in double integration. Thus, 
20 2 
G(z) = Df(kT) dz", 
=o 


n==h 


which may be written as 


G(2): = > f(kT)z 
k=( 


A agit : 
However, the series in n may be summed as 1/(1 — z_), and hence 


G(z) > f(kT)z E : ‘|; 


and hence 


Complex Multiplication 
The superposition property of electrical networks is a very elegant 
and useful result of their linearity. For continuous linear networks, super- 
position is most concisely represented as a convolution integral, which 
has a particularly important Laplace transform. The same ideas also 
apply in the discrete case with the integral replaced by a summation 
Property IV: If f(t) and w(t) have the L, transforms F(z) and W (2), then: 


W(2)F(z) L, |X wk yin - mn) |, 


By definition, 
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x 


W(z) = D> w(kT)z*, 


k=( 


« 


W(2)F(z) = D> wkT)z“* F(z), 


k=O 


but 
z“F(z) = LAf(t — kT)| = L,f{f(nT — kT)I}. 


Hence, 


W(2)F(z) = SS wkT)L Aft — kT) = X& Llw(kT) f(t — kT)| 
k=(0 k=() 


(41) 
= L, b wkT) f(t — mn), 
At time ¢ = nT’ we have 
W(z)F(z) = L, bP wWkT) f(nT — Kn) | 
but f(Q) = 0; ¢ < 0 and therefore 


W(z)F(z) = L, | wkT)f(nT — mn) |, 


k=0 
Scale Change 
Property V: If L.{f(t)| = F(z), then L,le“‘f(t)| = F(kz), where k = e* 


From definition, 


L,le~*" f(t)] = [ f(He er?" dat) 
0 


> f(nT le 7, a ae 


n=(0 
2% 


Le" f()) = >> f(nT)[kel" = Fk). 


n= 
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Radio Transmission into Buildings 


at 35 and 150 me 


By L. P. RICE 


(Manuscript received April 29, 1958) 


Investigations of radio propagation at 35 and 150 me into large city 
buildings have disclosed that, on the average, a loss in the order of 20 to 25 
db may be encountered on the first floor. This loss, which represents the 
reduction from the median field in the city streets at the same distance from 
the transmitter, is known as building loss. Losses were found to be slightly 
smaller and more uniform at 150 me than at 35 me. Losses also wer’ found 
to be appreciably less on higher floors in a building. 

Methods of using this information for engineering radio systems to serve 
people in buildings are described. Some sample problems demonstrate that, 
with equal receiver performance, the effective coverage range in buildings for 
a 150-me system will be greater than that for a 35-me system. 


I. INTRODUCTION 


1.1 Background 


With the advent of mobile telephone service has come a considerable 
fund of information concerning the nature of var radio propagation in 
city and suburban streets.! 

Plans are now being made to extend the use of the mobile land trans- 
mitters to provide one-way personal radio signaling services. In these 
services, the transmitter signals will be detected by small pocket-carried 
receivers issued to subscribers. Coverage will be desired not only in 
the streets but also in the various buildings and other structures which 
subscribers might normally be expected to frequent. 

The extent of useful coverage from a mobile land transmitter will be 
somewhat less for personal signaling than it is for mobile voice trans- 
mission. This is primarily due to two factors: (1) the inherently poorer 
sensitivity of a pocket-carried receiver due to its small antenna and (2) 


the increase in path loss to a location inside a building in comparison with 
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4 


that to an outside location at the same distance from the transmitter. To 


offset this reduction in coverage, satellite transmitters will be required 
in large metropolitan areas to assure that reliable service is offered 
throughout. For a signaling system in which the receiver sensitivity is 


known, the spacing of the transmitters is largely a function of path loss. 

Kstimates of path loss can be made using the results of the measure- 
ments made by W. R. Young, Jr.,! if the additional losses in propagation 
caused by buildings are known. 


1.2 Scope of Study 


The losses encountered in propagating an RF field into a building were 
measured at eleven different locations in downtown New York City. Two 
of the mobile telephone channels, one in the 35-me highway band and 
the other in the 150-me urban band, were chosen for these measure- 
ments. 

Most of the field-strength measurements were taken at various 
points on the main floor of each building. This was done because the 
first floor has been found to be the most difficult portion of a building 
to cover. The number of measurements taken varied from building to 
building, depending on the amount of floor space and the complexity of 
the floor plan. 

A number of measurements at each of the two frequencies were also 
made in the streets adjacent to each of the buildings. For a given dis- 
tance from the transmitter, the difference between the median field 
intensity in the streets and the field intensity at a location on the main 
floor of a building is defined as the building loss for that location. Thus, 
building loss is a factor which can be applied to the field intensity in the 
streets to assist in the prediction of the performance of a radio service in 
buildings. 


Il, OBSERVATIONS 


The heterogeneous nature of the environment — both inside and out- 
side the buildings — has been found to create extensive and erratic 
space variations in the rF field; accordingly, the measurements of 
building loss are presented statistically. The fields in the upper stories 
of buildings were generally found to be stronger than those near street 
level. Therefore, measurements made on the main floor of a building 
would give limiting values of building loss. 

\n approximate relationship between the architectural characteristics 
of a building — e.g., the height of the ceilings or the area of external 
glass — appeared to exist in certain cases. 
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Fig. 1 Over-all distribution of building losses at 35 and 150 me 


The building losses at 35 and 150 me tended to follow a log-normal 
distribution (see Fig. 1). At 35 mec, the over-all average building loss 
was found to be about 24 db; at 150 me, it was found to be about 22 
db. 

Variations in signal at the lower frequency were found to be slightly 
greater than at the higher. Thus, the standard deviation of the building 
losses was found to be about 14 db at 35 me and about 12 db at 150 me. 
These variations are reversed from signal variations in the city streets, 
where the standard deviation of the field distributions appears to be 
about 7 db at 35 me and 9 db at 150 me. 

A comparison of the useful ranges* in New York City, from trans- 
mitters of equal power to receivers of equal sensitivity, in terms of 
field strength in microvolts per meter, shows that the expected range of 
coverage into buildings is somewhat greater at 150 me than at 35 me. 
Expected ranges into buildings of almost one mile at 35 me and almost 
one and one-half miles at 150 me appear reasonable between a 250-watt 
transmitter and a pocket-carried signaling receiver with a sensitivity of 
30 db greater than one microvolt per meter. In contrast, the useful range 
in city streets was found to be greater at 35 me than at 150 me. Service 
could be provided in streets over a radius of about eight miles at 35 me 
and four to five miles at 150 me. 


* Useful range is defined as the distance at which there is a certain specified 
probability, such as 99 per cent, of successful signaling. 
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III. DISCUSSION OF RESULTS 


3.1 Nature of rr Field in Buildings 


It became apparent as the rF field intensities were being measured 
that their geometry was exceedingly complex. Variations sometimes as 
great as 20 db were encountered between locations a few feet apart. Since 
it was apparent that a point-by-point display of the field intensities 
would be neither useful nor meaningful, a statistical analysis of these 
data has been carried out to emphasize their trends. 

The wide variations in field intensity can be attributed to the nature 
of the physical surroundings. The rr field may enter the building directly 
from the transmitting antenna or may be bounced in off the many 
reflecting surfaces presented by the surrounding buildings. Once inside, 
the field encounters a heterogeneous array of objects, such as walls, 
ceilings, floors, furniture and equipment of many kinds. Such items 


present lossy, shielding or reflecting media to the rr field. As a result, 


the field not only encounters varying degrees of attenuation in reaching 
a specific location, but it also arrives over a multiplicity of paths with 
random phase and random polarization. 

Spot checks of polarization have been made by comparing the field 
measured at several points in a building with the antenna oriented 
vertically and horizontally. Differences of 10 db or more were found 
between the vertical and horizontal components of the field when 
compared on a point-by-point basis. However, when the median of the 
vertical components, measured at several locations, was compared with 
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Fig. 2 — Average building loss at 150 me on various floors in a building (463 
West Street, New York City). 
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the median of the horizontal components, the difference was found 
to be negligible. This points to the interesting possibility that an omni- 
directional and nonpolarized antenna might be best for reception in 
buildings. 

Some preliminary measurements were made on various floors in a 
couple of buildings to determine what effect the height in a building 
might have on the field strength. It was found that the interference 
caused by adjacent structures diminished with increasing height so that 
the rF field was commensurately stronger on the upper floors (see Fig. 
2). Therefore, it was felt that concentration could be made on the first 
floors with confidence that, if an adequate radio field for a system 
existed there, coverage in the rest of the building would be generally 
assured. 

All the buildings surveyed were constructed of reinforced concrete or 
brick. Some had large window areas on the first floor. Some had large 
open corridors and vestibules with high ceilings. Others were more con- 
fined, with smaller external apertures on the first floor. These char- 
acteristics probably had a tendency to affect the field intensity inside 
the building. 


A thumbnail description of characteristics which might affect propaga- 
tion into each of the buildings is given in Table I, with arbitrary building 


identification numbers being used. 


TABLE | LOCATION AND ARCHITECTURAL CHARACTERISTICS OF 
BUILDINGS 


Building Location First Floor Characteristics 
Number 


163 West Street Low ceiling height, below average window 
area, many halls and partitions 
Broadway and Bowling High ceilings, average window area, very 
Green thick walls 
140 West Street High ceilings, above average window area 
1 Peck Slip High ceilings, large window area, large 
unobstructed areas 
130 East Broadway High ceilings, average window area, large 
unobstructed areas 
| 395 Hudson Street Warehouse type building, medium ceiling 
height, small window area 
$32 East 14th Street High ceilings, large window area, large un 
obstructed open areas 
10 Irving Place High ceilings, average window area, many 
halls 
26 Cortlandt Street High ceilings, large window area, large un 
obstructed areas 
195 Broadway Very high ceilings, large window area 
220 Church Street Medium ceiling height and window area 
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Fig. 3 Distribution of local building losses at 35 and 150 me for eleven 
buildings 


It was found that, in certain cases, a qualitative prediction might be 
made concerning the lossiness of a building based on the architectural 
characteristics just cited. For example, it may be seen from Fig. 3 that 
buildings 7, 9 and 10 were all found to have mean local building losses* 
below 20 db at both 35 me and 150 me. These three buildings all had 
high ceilings, large windows and large unobstructed areas on their main 
floors. Conversely, building 11, the only one found to have an average 
loss exceeding 30 db at both frequencies, has lower ceilings, smaller 
window area and an abundance of furniture. 

However, such guesses as these must necessarily be considered in- 
conclusive because other buildings have loss effects which appear to be 
in direct contradiction with this hypothesis. Building 4 is an example. 


This building was found to present a high loss at both frequencies. Yet 


it is characterized in the table as being a building in which the losses 
might be expected to be low. 


* Local building loss, distinct from the building loss defined on page 198, is de 
fined as the difference between the median rr field in the streets adjacent to the 
individual building and the field intensity at a location on the main floor of the 
building. Building loss is a coneept useful for the estimation of service range. 
Local building loss is a concept useful in evaluating the coverage of an individual 
building. As will be shown, the local building losses for all buildings measured to 
gether with the known variations in path losses into the streets have been com 
bined to provide an estimate of the over-all building loss 
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3.2 Local Building Losses 


The local building losses at 150 me were found to be somewhat lower 
than those at 35 me. The average of these losses in the buildings ranged 
from 15 to 32 db at 150 me, while at 35 me the average ranged from 10 
to 45 db. The over-all average of the local losses for the 11 buildings 
was found to be about 20 db at 150 me and 25 db at 35 me. 

The distribution of the measurements at both frequencies was found 
to be roughly log-normal. The standard deviation in the various build- 
ings ranged from 2 to 11 db at 150 me and from 4 to 12 db at 35 me. The 
combined standard deviation for the 11 buildings was found to be 
about 9 db at 150 me and 14 db at 35 me. Medians and standard devia- 
tions for the individual buildings are presented in Fig. 3. The distributions 
of local loss for the group as a whole are shown in Figs. 4 and 5. 


3.3 Determination of Building Loss 


In the preceding section, the discussion has been confined to the local 
building loss — referred to the median field around the particular build- 
ing in question. However, a person who wishes to estimate the limiting 
range at which a given transmitter will propagate a field of a certain 
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Fig. 4 — Over-all distribution of local building and street losses at 35 me 
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Fig. 5 — Over-all distribution of local building and street losses at 150 me. 


minimum intensity with a certain degree of reliability is concerned with 
building loss on the over-all basis. He would be interested in the field 
intensities within the buildings on the periphery of a circle. The radius 
of this circle around the transmitter would be the useful range of the 
system. 

Each one of these buildings on the circle would have local building 
losses with respect to the median field in the streets adjacent to it. The 


variations in these local losses would differ from building to building. 


However, the variations in the local losses of a “typical building” could 
be approximated by combining the measurements taken in the eleven 
buildings. This has been done graphically to obtain the lower curves in 
Fig. 4 for 35 me and in Fig. 5 for 150 me. It is possible to determine from 
these figures the probability that the field at any point on the main 
floor of any building in a heavily built-up metropolitan area will be equal 
to or greater than some given level with respect to the median field 
intensity in the streets adjacent to that building. So, if the median of 
the adjacent street field is known, the coverage in the building can be 
estimated. 

As a general rule, however, the median field in the streets adjacent to 
any particular building will not be known, whereas the over-all charac- 
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teristics of propagation into city streets have already been determined 
(see Figs. 6 and 7). The median field intensities in the streets adjacent 
to various buildings will vary from building to building, due to inter- 
ference caused by the local terrain and nearby structures. 

If the field intensities were measured in the streets adjacent to a 
large number of buildings, all equidistant from the transmitter, it is 
expected that the distribution of the medians of these groups of measure- 
ments would approach the distribution of all street measurements at 
that distance, i.e., the upper curves in Figs. 4 and 5. Now, if it is assumed 
that each of these many buildings is one of the ‘typical buildings’’ for 
which the local loss characteristics are shown in the lower curves of 
Figs. 4 and 5, it follows that the expected building losses for all the build- 
ings on the circle with respect to the median field in streets at that dis- 
tance from the transmitter may be determined by statistically combining 
the two curves on each of these two figures. This was done graphically 
in Fig. 1 for each of the two frequencies. The percentage of locations 
within all buildings, on a circle of a given radius, in which the field in- 


tensity will not be lower than a given level with respect to the median 


street field at the same radius may be determined directly from this 
figure for either frequency. 
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Fig. 6 — Measured path loss at 35 me between half-wave dipoles in city streets 
Manhattan. Antenna heights: transmitter—450 ft.; receiver—6 ft 
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Fig. 7 — Measured path loss at 150 me between a half-wave dipole and : 
quarter-wave whip in Manhattan and the Bronx and suburbs. Antenna heights 
transmitter — 450 ft.; receiver —6 ft. (All data except the 11 adjacent-street medi 
ans taken with permission of W. R. Young, Jr. from Ref. 1). 


2 


3.4 Test Equipment Arrangements 


The New York Telephone Company’s mobile telephone facilities at 
32 Avenue of the Americas were used as a signal source for measuring 
building losses. 

The field measuring equipment for work in buildings had to meet 
three principal requirements: portability, stability and selectivity. The 
available commerical field-intensity measuring apparatus was not 
selective enough to reject the adjacent mobile channels in New York 
City. Therefore, the limiter grid current in standard, battery-powered, 
crystal-controlled receivers was used as an indication of field strength. 
Provisions were made to insure that the battery aging did not upset the 
calibrations of the grid current meter. Prior to use, each receiver was 
equipped with the antenna to be used during the measurements and 
was calibrated in a known field by varying the field and noting the 
limiter current for each field intensity. The same receivers were used to 
measure the fields in the streets adjacent to the buildings. Antennas 
mounted on automobiles were connected to the receivers and the sets 
were recalibrated. 
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[V. APPLICATION TO THE ENGINEERING OF RADIO SYSTEMS 


Building loss can be utilized in the engineering of a radio system in 
much the same way as other propagation losses. One aspect of building 
loss — its amplitude distribution — has an important effect on the range 
of reliable coverage into buildings. Inasmuch as building loss has been 
defined as the difference between the levels of rF field in the building 
and the median field in the streets at a given range from the transmit- 
ter, the distribution of the field intensity in the buildings must be the 
same as the distribution of the building loss. 

The amount of building loss that can be tolerated by a system depends 
on the required degree of reliability. This reliability is numerically equal 
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Fig. 8 — Received power at 35 and 150 me versus received field intensity (Ref. 2 
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to the percentage of the locations in the peripheral buildings in which the 
building loss must not exceed a certain threshold value. This threshold 
loss may be determined directly from the ordinate of Fig. 1 for any given 
per cent of reliability on the abscissa. When the maximum allowable 
path loss to the receiver and the threshold building loss are known, their 
difference represents the median path loss in streets that can be tolerated 
and still provide the minimum acceptable coverage in the buildings. 
The determination of such factors as required transmitter power or 
maximum range of coverage can be handled in any convenient manner, 
in terms of median losses to the adjacent streets. 

The following five steps describe one method for determining the 
service range of a transmitter in a large metropolitan area such as New 
York City. The procedure consists of the determination of first the maxi- 
mum allowable path loss and then the range at which this path loss is 
not exceeded for a given system reliability. 

1. Determine the minimum usable received power from a half-wave 
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Path loss at 35 me between half-wave dipoles into large city buildings. 
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Fig. 10 — Path loss at 150 me between a half-wave dipole and a quarter-wave 
whip into large city buildings. 


dipole (for 35 me) or a quarter-wave whip (for 150 me). Fig. 8 can be 
used for this purpose when receiver sensitivity is known in terms of 
minimum required field intensity. 

2. Subtract the minimum usable received power (in dbw) from the 
equivalent transmitted power from a half-wave dipole to determine the 
maximum allowable path loss between the two pairs of antenna terminals. 

3. Determine the building loss from the ordinate on Fig. 1 which 
corresponds to the required system reliability. (The system reliability 
in per cent is numerically equal to the scale on the abscissa of this figure.) 

4. Subtract the building loss from the maximum allowable path loss 
to determine the equivalent median loss in streets. 

5. Determine from Fig. 9 (for 35 mc) or 10 (for 150 me) the range at 
which this median loss in streets occurs. Use the curve labeled ‘Median 


Loss in Streets”. This is the useful range of the system for coverage into 
buildings. 
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TaBLe II EXAMPLES OF ESTIMATION OF RANGE AT WHICH 
SERVICE CAN BE OFFERED IN METROPOLITAN BUILDINGS 
Assumptions: 
Receiver sensitivity 30 db > 1 microvolt per meter 
Effective radiated power from dipole 450 ft above ground 24 dbw (250 
watts) 
System reliability* 90 per cent 


LADIO 


* This is the system reliability for a nonrepetitive system. Signals may be sent 
out more than once in a personal signaling system. If two signals are sent to a 
subscriber moving about in a marginal field, the system reliability for this problem 
would be 99 per cent; if three signals are sent, 99.9 per cent. 


Step Number 


ceive . Building Equivalent Estimated 
Receiver Minimum Usable Radiated Maximum Lose ¢ } a 


ssfor 0% Mediar Service 
Received Power, Power Allowable ‘p | An : ni 
vache Dinol Path I Relia tility, Loss in Ranges in 
‘ ole ‘ Ss : 
: r aon SA in d> Streets, miles (Figs 


Fig. 8 id 
per meter ‘ in dhw in db Fig. 1 in db 9 & 10 


35 me ‘ 106 (dipole 24 130 44 86 0.9 
150 me ‘ 122 (whip) 24 146 38 108 1.3 


If only a rough estimate is required, steps 3 and 4 may be eliminated 
by interpolating between the 50 per cent, 90 per cent and 99 per cent 


curves on Figs. 9 and 10 and determining directly the range correspond- 
ing to the maximum allowable path loss found in step 2. Here again, the 
percentages are numerically equal to the system reliability. 

Some numerical examples of range estimation are given in Table II 
in order to illustrate the use of this procedure. The step numbers cor- 
respond to those listed above. 

By comparison, for the conditions given in the table, the expected 
coverage in streets may be in the order of 8 miles at 35 me and 4 to 5 
miles at 150 me.* It is of interest to note that, while better coverage may 
be expected in streets at 35 me than at 150 me, the higher building losses 
at 35 me attenuate the field so much that better coverage in buildings 
can be expected at 150 me. 
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A group of N trunks serves calls arriving in a renewal process, and lost 
calls are cleared. The number, N(k), of trunks found busy by the kth arriving 
customer is studied as a Markov process imbedded in a (usually) non-M arko 
process N(t), the number of trunks busy at t. Results of C. Palm and F. 
Pollaczek on the distribution of N(k) are generalized, and a study is made of 
bounds for, and approximations to, the probability of loss. The probability of 
loss is studied as a functional of the interarrival distribution function, and 
certain extremal properties are proven. Formulas for the mean of N(k) and 
for the covariance function are given, together with equilibrium curves for 
the probability of loss, for the mean and variance of N(k), and for the first 
four values of the covariance function. Some applications to switch counting 
are discussed. 


I, INTRODUCTION 


We shall study a mathematical model for the random behavior of the 
occupancy of trunk groups. The principal results are complete descrip- 
tions (in principle) of (a) the variations of the traffic in time, (b) the 
equilibrium probabilities and (c), the covariance function of the traffic 
found by arriving customers. These mathematical results have practical 
application in engineering trunk groups to have a given probability of 
loss, and in estimating the sampling error incurred in certain ways of 
measuring traffic. 

A “trunk group” is a set of transmission channels (trunks) between 
central offices. The trunks in a group are often equivalent in the sense 
that a call handled on one idle trunk could as well have been assigned 
another. A “holding time’ of a trunk is a length of time during which it 
is continuously unavailable because it is being seized and used as a talk- 
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ing path. By ‘‘interarrival times” 
between successive epochs at which attempts are made to place a call on 
the trunk group. With these definitions in mind, the theoretical model 
we use to describe the trunk group involves four assumptions: 

i. The holding times of trunks are independent random quantities 
having a negative exponential distribution, with mean value, y ' (y is 
the hang-up rate). This means that if a trunk is in use at time z, the 
chance that it is still in use at (2 + dz) is 1 — ydx — o(dz), o(dzx) 
denoting a quantity of order smaller than dz, irrespective of how long 


we mean the time intervals elapsing 


the trunk has been in use. The probability that a holding time is less 
than ¢ is then 1 — exp {—yt} for ¢ = 0, and O otherwise. 

ii. The interarrival times of calls are independent positive variates; 
each has the general distribution A(u), where A(u) is arbitrary except 
for the condition A(O) = 0. If 4. and & 4, are successive arrival times, then 


Pr{ta; —& S&S u} = A(u), 


for all k, independently. This assumption covers Poisson (or completely 
random) arrivals as a special case. In accordance with the usage in the 
literature, we call a sequence of mutually independent, identically dis- 
tributed, positive variates, a “‘renewal process.”’ The interarrival times 
in our model then form a renewal process. It has been shown by Palm! 
and noted by Feller’ that non-Poisson renewal processes arise in their 
own right in the study of overflow traffic from a trunk group, even when 
the original offered traffic is Poisson in character. 

iil. There are N < o trunks in the group. 

iv. Calls which find all N trunks busy are lost, and are cleared from 
the system. 

A model like the above, but without the strong simplifying assump- 
tion of exponential holding time, was studied by Pollaezek.* The model 
described in (i) through (iv) above has been considered by Palm,’ and 


a hl , 4 . . . ia hl , 
also by Takdées, who used a functional equation. Takées’ paper was ap- 
parently written without knowledge of the prior work of Palm and Pol- 


laczek; in a recent paper,’ Takées thanks R. Syski for calling his attention 
to Refs. 1 and 3. The same model has also been treated by Cohen.° For 
convenience and unity of exposition, some of the results of these authors 
shall be rederived here, and attributed to the appropriate author as they 


arise. 


If. SUMMARY OF RESULTS 


It is natural to use the number N(¢) of calls in progress on the trunk 
group at time ¢ as an indicator of traffic; N(¢) is a random step function, 
fluctuating in unit steps from 0 to N. 
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Unless the arrivals form a Poisson process; that is, unless 
A(u) = 1 — exp{—wu/m} 


for u 2 O and y, > 0, N(é) is not a Markov process. However, let & be 
the epoch of the kth arrival, and suppose that N(¢, — 0) is known. Thus, 
we know how many busy trunks were found by the sth call. Until the 
next call arrives at 4.4; , the number of calls in progress forms essentially 
a simple death process, with death rate y per head of population. The 
conditional distribution of N(t.4, — 0), given N(& — 0), can then be 
calculated from the known transition probabilities of the death process 
(see Feller’). No additional knowledge of N(¢) for ¢ < ¢, is of prognostic 
relevance to N(t) fort > t , when N(q — 0) is known. We define 


N(k) = N(t — 0), 


where N(k) is the number of trunks found busy by the ‘th arriving call. 
The variates N(k) form a Markov chain imbedded in the non-Markov 
process N(t). This Markov chain is the basic random process considered 
in this paper. 

Let the numbers a, ,n = 1, --- , N be defined by 


2) 
Ay - | e "™ dA(u), 


so that a, is the Laplace-Stieltjes transform of the interarrival distribu 
tion A(u), evaluated at the point ny, where y is the hangup rate. The 
principal theoretical result of this paper is Theorem | in Section IV. This 
result gives formulas for the generating functions 
¥,(z) = D> 2’ Pr{N(k) = n} 

k=>vU 
for an arbitrary initial distribution of N(0). These formulas depend only 
on the numbers a, , --- , @y defined previously, so the entire Markov 
process N(k) depends only on these numbers. Theorem | determines, in 
principle, the transition probabilities of N(‘) purely in terms of a, , 
ay , and so provides a complete description of the statistical variations 
of the traffic found by arriving customers. For N(O) = 0, the formulas 
were obtained by Pollaczek;’ the formulas to be given coincide with those 
of Pollaezek in this case. 

In Section V the limiting probabilities 
Pn = lim Pr{N(k) = n}, 

k—20 
already considered by Palm, Pollaczek and Takaes, are briefly discussed. 
The quantity p, is the equilibrium chance that an arriving customer find 
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n trunks busy; in particular, py is the probability of loss. It should be 
kept in mind that p, is not the probability that, if we inspect the trunk 
group at a random moment in equilibrium, we will find n trunks busy; 
the moments of inspection must be those immediately preceding arrivals. 
In Section V, also, various moments (such as the ordinary, binomial and 
factorial) and the variance of the limit distribution {p,} are presented. 
Curves of the probability of loss, the fraction of trunks found busy by 
an arrival and the variance of {p,} are plotted as functions of the offered 
erlangs for three choices of the interarrival distribution A(u). 

Sections VI and VII discuss bounds for, and approximations to, the 
probability py of loss. The results of Section VI are general; those of 
Section VII are restricted to the case of regular arrivals. Consideration of 
the unrealistic (for telephone trunking) special case of regular arrivals is 
justified (in Section VIII) by the fact that regular arrivals form a limit- 
ing best case. 

In Section VIII we treat py as a functional of the interarrival distribu- 
tion A(u). The chief results can be summarized informally as follows: 

i. For a fixed mean interarrival time and a fixed hang-up rate, the 
minimum loss is achieved when arrivals are regular. 

ii. Arriving customers can, without changing either their mean ar- 
rival rate or their hang-up rate, still make the telephone company give 
them arbitrarily bad service (high loss) by a proper choice of A(u). 

iii. The maximum number of erlangs that N trunks can carry at a 


fixed loss probability p [the maximum being over A(u) that achieve p), 
is a number depending only on N and p. 

Section [X is a brief discussion of Pr} N(k) = N}, the chance that the 
kth arrival suffers loss, as a function of k. The case N = 2 is described 


in detail, and curves are included for one choice of A(w). 

Finally, Section X is devoted to the mean value E{N(k)} of N(k) as a 
function of k, and to the covariance function of N(k) defined as 

R(n) = lim E{N(k)N(k + n)} — E’{N(K)}. 
k-20 

General formulas for both #{N(k)} and R(n) are derived, together with 
a recurrence relation for the latter to facilitate computation. The chief 
practical application of the covariance function is to theoretical estimates 
of sampling error in traffic measurement. Discussions of the use of our 
results to estimate sampling error in certain possible kinds of switch 
counting are given, together with some curves of the covariance. We 
stress that our results are for a finite, not an infinite, number of trunks. 
In particular, we show that a natural exponential approximation to the 
covariance, valid for NV 2, can be several times too large for small \V. 
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Il. SUMMARY OF PRINCIPAL NOTATIONS AND DEFINITIONS 
‘E” is used to denote mathematical expectation 
N = number of trunks in the group 
y = hang-up rate = (mean holding time) 
A(u) = Prfinterarrival time S u! 
bi ith ordinary moment of the interarrival distri 


bution A (w) 


+2 


= | e"™ dA(u), n 


number of trunks busy at ¢ 
epoch of the kth arrival 


N(t — 0) = number of trunks found busy by 
the Ath arrival 


lim Pr} V(h) n| equilibrium probability 


ka 


of finding n trunks busy 


equilibrium probability of loss 


- m ° : . 
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m , 
b,(z) = y ("") va = (n!)' X factorial moment 


m=n 


generating function 


N 
» (") Pr{N(O) = m} = nth binomial mo- 


men 


ment of initial distribution 


N 7 
mG) (1 — za;) +++ (1 — 20;) Gay -- 


0 


y 
I (I — a + Ak+m) 


m=) 


N-1 
II (1 — Grim + Agen) 


m==0 


N\1 -— x4 N -++(l—2y) 
1+ (7) a+ + (oe 


R(n) = lim E{N(k)N(k + n)} — E*{N(k)} = covar- 
ko 
iance function of N(k) 
N 

QO. = 2. mpm Pr{N(k) = N!| N(O) = m} 


« 
m=0 


IV. DERIVATION OF GENERATING FUNCTIONS 
The behavior of a trunk group with (a) independent holding times, 
(b) independent interarrivals and (c) N trunks with lost calls cleared 
has been studied by Pollaczek*, who derived the generating functions 
k . . 
> 2‘ Pr{kth arrival finds n trunks busy}, 
k 
on the condition that the first arrival found all trunks idle. 
Palm and Takdes derived the limit probabilities 


Pp, = lim Pr{kth arrival finds n trunks busy} 


ko 


for the case of exponential holding times, to which we are also limiting 
ourselves here. Takdécs used the equilibrium equations for the same 
Markov process N(k) as we have introduced. We shall show that his 
functional equation approach can be used to generalize Pollaczek’s 
results, and to obtain further formulas of practical importance in traffic 


engineering. 
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We let P.(x) = 1 + (a — De”. Then, by the argument of Takdes,‘ 
E{a%“*” | N(k)} = | [P(x] XV) GA(u), 
with the 6 symbol indicating that lost calls are cleared. Hence 


Nyy — i & Pr{N(k) = n}P,)7"(x) 
0 n<N 


+ Pr{N(k) = NjP.r(e) | dau. 


vz) = Dd, 2° PriN(k) = n}, 


k>0 
Then ¢ satisfies the functional equation 
’ N (0) 
E{x"“”} 


(1) 


+ 2 H gIP.(2), 2]Pu(x) — Yr(z)[Pur (2) — P,*(x)|> dA(u). 


70 
This is a discrete time-dependent analog of Takées’ functional equation. 
To solve it, set x = 1 + w and define the functions b, by 


N 
bz) = > ©) Yn(2), n=0,1,-++,N. 


m=n n 


Note that 


If we now equate coefficients of like powers of w in the functional equa- 
tion (1), we obtain the following recurrence for the functions b,,(z): 


br(z) = 2p bate + b,-i(z) — ( N 1) vate | +k, ne2 
veer 


where 


‘ 
k, = bY (") Pr{N(O) = m}, 


n 


m= 


heel 


Ay =| e”"™ dA(u). 
0 
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The terms k, are the binomial moments of the distribution of N(0), and 
represent initial conditions. Since 


: 
> Pr{N(k) 


for each k = O, we find bo(z) = (1 — 2) 


The solution of the recurrence (4) is 


| . ) te) = | : B | io — 


where the first term of the products is always taken to be 1. From this 
and (2) one can determine by(z) and hence all the y,(z). The complete 
result is 

Theorem 1: The generating function p,(z) of Pr{N(k) = n}, defined by 


y,(z) = Zz 2’ Pri N(k) = n} 


k 0 


is given by the formula 


v.(z) = > (- (" £2) ble 


n 


j= 


where the b,(z) are solutions of (4). In particular, the generating function 
of the probabilities that the kth arrival find all N trunks busy is 


Wn(z) = by(z2) 


ky(1 — z)(1 — za,) 
Mae. .' Shoe. a --- (] — 2ay_)) 


1 Za z§ a Qe “s+ Ay 


1+(7 | ~ 2a) , (Ae 20,):-:(1—zay)- 
l Za) N Z Vay de oo» @y 


This reduces to Pollaezek’s result (Ref. 3, p. 1470) when the system 
starts empty with NV (0) 0, since hy 1, and N(O) = O implies that 
k; 0 fori > 0. Let us set 


N N 
Dy(a1, %2,°°* tn, 2) = > (*)a — 2ty)+°+ Cl — aeytja ec: 


7=0 J 


= 2) 








ON TRUNKS SERVING A RENEWAL PROCESS 


In this notation we can write 
N . . 
Dy(a, , a2, +++ Gy, 2) = a0 --+ ay2” [denominator of py(z)). 


Lemma |: The functions Dy(2,, X2, «++ , Xy , 2) satisfy the recurrence 
relations 


Dyail(te, - °° , 2) = 2heanDn (ae, *** » Lean sa 8 
+ (1 — za,.)Dwy(tea1, 


Proof of this is from the formula 


id cei ga mel 


V. THE STATIONARY DISTRIBUTION 
In the terminology of Feller,’ the variates N(/) form an aperiodic, 
irreducible Markov chain; hence the limits 
Pn = lim Pr{N(k) = n} 
ko 
exist, and can be evaluated from the generating functions y,(z) by Abel’s 


theorem. The result is 
Theorem 2: The stationary distribution of N(k) is {px}, given by 


N—n F 
D, = y (-v'(" tI) bass, 


0 vl 


with bo 1, and 


" a; ~ N TT | 
% II l-—a a. 2 (,, — ) I] a 


t 


“ ; (jz +--+ Ay 
= probability of loss 
Dylay » Gh« **°* 5 Gwe. 


={1+({)oo+...+(M) Gow ? 
] ay N (102 +++ ay 


Theorem 2, and the loss formula (7) are due to Palm' and Pollaezek * 
these results have been rederived independently by L. Takées, H. Searf, 
the present author — and doubtless many others. 

The quantities b, of Theorem 2 are the binomial moments of {pn}, 
defined as 





220 THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1959 


and they satisfy the recurrence 


bo :; 


= A, [. + bai — Dw (, *é .)| n > O, 


which can be solved to give formulas (6) and (7). The factorial moments 
M,,) are then given by 


N 
May =nib, = > m(m — 1) ++: (m—n+ 1)Dn, 


m=n 
and they satisfy the recurrence 
M a ? 


M ny = OnlM ny + Merry) — npwN(N — 1) --- (N — n + 2)], a. i, 


In Fig. 1, the probability py of loss has been plotted as a function of 
the average offered load, a, in erlangs, for three separate choices of the 
interarrival distribution A(u), for values of N from 1 to 8. The choices 
have been intentionally made so that the crucial quantities a, depend 
on y and A(u) only via the offered load, a. The choices are as follows: 

i. Poisson arrivals are represented in Fig. 1 by a dashed line. In this 
case, a, = a/(a +n). 

ii. Suppose that the times between successive arrivals are uniformly 
distributed in the interval (uw, — 6, uw, + 6) for0 < b S w,. The mean 
interarrival time is w; , and a simple calculation gives 


nyu, Sinh nyb 
nyb 


r 1 
We choose b = y, ; then a, depends only on yu; = a, and 


nja sinh n/a 


a = € 
n/a 


This choice of A(u) we shall call ‘uniformly distributed interarrivals;” 
it is represented in Fig. 1 by alternating long and short dashes. 

iii. Regular arrivals are represented in Fig. 1 by a solid line. For 
regular arrivals, a, = e "“, which is the limiting form of (8) as b tends 
to zero. 


The curve for regular arrivals (a, “) always falls below the curves 
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a oe N=2 
a+n 7 /” “2 
yO le a et 


4s 


- @ 8 sinH n/a “4, 
7, n/a 7" T 
’ 


an= 


oss 


Pwr, PROBABILITY OF L 











8, OFFERED TRAFFIC IN ERLANGS 


Fig. 1 The probability of loss: (i) Poisson arrivals, a, = a/(a + n), dashed 
line; (ii) uniformly distributed interarrivals, a, = e~"/@ (sinh n/a)/(n/a), long 
and-short dashed line; (iii) regular arrivals, a, = e~"’¢, solid line. 


for the other two choices. This is a consequence of Theorem 9 of Section 
VIII, according to which regular arrivals form a limiting best case, for 
which py assumes its lower bound for fixed offered traffic a. On the other 
hand, the curve for Poisson arrivals, although always above the curves 
for the other two choices in Fig. 1, is by no means the limiting worst 
case, since there is none. For Theorem 10 of Section VIII says that, for 
given e€ > 0 and offered traffic a, we can always find an interarrival 
distribution A(u) for which py > 1 — «. 

The differences in py for the various choices of A(u) in Fig. 1 are pos- 
sibly explainable by considering the amount of mass that A(u) concen- 
trates in the neighborhood of 0. For regular arrivals there is no mass, 
so that the system always has a “breathing spell’? before the next ar- 
rival. For uniformly distributed interarrivals, there is always mass in 
a neighborhood of zero, but the density at 0 is no larger than anywhere 
else. For Poisson arrivals, however, not only is there mass in any neigh- 
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Fig. 2 — The probability of loss as a funetion of load per trunk for Poisson 
arrivals, a, = a/(a + n). 


borhood of 0, but the density is a maximum at 0, so that the damaging 
short interarrivals are, in a sense, the most likely. 

From Theorem 13 and the Palm formula (7) it can be verified that, 
as a — , the curves for the different choices of A(u) must approach 
each other and 1. But for small values of a there are substantial differ- 
ences among them. For this reason, they have been replotted in the 


separate Figs. 2, 3 and 4 as functions of a/N, the offered load per trunk. 
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Fig. 3 — The probability of loss as a funetion of load per trunk for uniformly 
distributed interarrivals, a, = e"/¢ (sinh n/a)/(n/a) 


The first two ordinary moments m, and mz of {p,} are respectively 
given by 


N 
a\(l — py) 
m, = My = b, = Do np, = Px) 
n=() 1 — ay 
N 
me = Ma + Ma = 2be + d, » n’p, 
aja l — ) 2a,.N py — ; 
_ __ Mat Py _ £g.N Py aac aes 
(1 — a)(1 — ae) 1 


— a 
a, for N = 1. 
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0.3 0.4 0.5 0.6 0.7 0.8 0.9 


tM OFFERED TRAFFIC IN ERLANGS PER TRUNK 


Fig. 4 The probability of loss as a function of load per trunk for regular 
arrivals, ad, = e 


n/a 


The variance associated with {p,} is then 


o = R(O) = m — m; = 2b. + by — i. 


where R(n) is the covariance function. 

Because of the bias introduced by defining N(k) to be the number of 
busy trunks found by the kth arriving customer, it is not in general 
true that m, equals lim F}N(t)} as ¢ tends to «©, even when this limit 


exists. In Fig. 5, the ratio 
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fraction trunks found busy 


_ expected number found busy by an arrival 


number of trunks 


is plotted as a function of offered load a for Poisson arrivals. In Figs. 6 
and 7 the same ratio is plotted for uniformly distributed interarrivals, 
and regular arrivals, respectively. 

In Figs. 8, 9 and 10, the variance o of N(k) in equilibrium is shown 
plotted against the offered load a for Poisson arrivals, uniformly dis- 
tributed interarrivals and regular arrivals, respectively. The variance is 
also the value of the covariance function R(n) for n = 0. In all cases, 
as the load a increases, the variance increases to a unique maximum, 
and then decreases to zero. 


2 


VI. BOUNDS FOR, AND APPROXIMATIONS TO, Py FOR GIVEN @), «°°, Gy 


This section is devoted to inequalities which may be useful in esti- 
mating the loss probability py without too much computation. Since 
1 >a, > --- > ay, we have 

1 — a, l — Qn41 


- < 
an An+1 





so that, from (7), we find 


E(*) (462) sos E(X)CS4Y. 


This proves: 
Theorem 3: The probability py of loss satisfies (ay)” < py S (a)”. 


To obtain a sharper result, write 


N r 
N 
py) = (ayaz «++ ay) (‘Ja — a) --* (1 — aay: 
0 


Then, in view of 1 > a, > -:: > ay, 
N N a)\de oeo-¢ Ge rf ; vj 
; 1—a,)(ay) ’ Ss < 2 1 — ay)’(a,)" ”. 
=(*)c ay, (dy = Dy Hig ( ay ay 


From this we conclude: 
Theorem 4: The probability py of loss satisfies 


i ig + al? Se «1+ a= ee) 


@d2°°* an 
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ERLANGS 


Fig. 5 lim,y.. E{N(k)}/N = m/N as a function of offered traffic a for Poisson 


‘rivals. 





ARRIVAL 











a,V 


Fig. 6 limy,.. E{N(k)}/N = m/N as a function of offered traffic a for 
formly distributed interarrivals. 
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EXPECTED NUMBER FOUND BUSY BY AN ARRIVAL 











ANGS 


Fig. 7 — lim,.,, E{N(k)}/N = mi/N as a function of offered traffic a for regular 
arrivals. 


This result suggests that, if a, — ay is sufficiently small, then the prod- 
uct @@2 -:* Gy can serve as an approximation to py . There are cases, 
to be exemplified later, in which this is a good approximation. However, 
the next theorem shows that the product a,a2 --- ay always underesti- 
mates the loss. 

Theorem 5: For N = 1, pw = 4; for N 2 2, pw > ayaz --- ay .* 
To prove this, we write py in the notation of Lemma | as 
+ ie 


Py = ————— 


z Dy(m, ++: sie 1)’ 


so that it suffices to prove that Dy(aq , +--+ , ay, 1) < 1. We shall actually 
prove the stronger result that Dy(a,, --+ , Qeyw-1, 1) < lL fork 2 1 
First we note 
Do(ay , Qka1, 1) = GpQeg. + 201 — ax)degr + I — a) —- 
= 1l—a, + ae < il. 
Now, because 1 > a; > --: > aq > «--, we find 


Dy(ax , ee » Uk+N l» 1) < Dy(ks1, -°* , Geant, I) 


QpAk+1 *** Ak+n-1 Op410n42 °** Akin 


* A. J. Goldstein has pointed out that Theorem 4 implies directly that py > 
aa, --: ay for N 2 2. 





THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1959 

















3 4 2 


@, OFFERED TRAFFIC IN ERLANGS 


Fig. | The variance o? [= R(O)| of N(k) in equilibrium for Poisson 
rivals 
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UNIFORMLY DISTRIBUTED 
INTERARRIVALS 
—_ N/a SINH (n/a) 
an=e 2 
" n/a 


0,2 VARIANCE 








3 4 5 
a, OFFERED TRAFFIC IN ERLANGS 








Fig. 9 — The variance o? [= R(O)] of N(k) in equilibrium for uniformly dis 
tributed interarrivals. 


Therefore, the recurrence of Lemma | gives, for z = 1, 
Dyoi(a 9 °** » Gham; 1) 3 Dyla; bao °° * , Gea. 1) < . 


and the result follows by induction. 
We now discuss the approximation py ~ ajaz --- ay . Since 1 > a, > 
ay , two cases in which a; — ay is small are as follows: (a) a; is close to 


0 and py is very small; (b) ay is close to 1 and py is very high. The quan- 


tity a; — ay determines the excellence of the approximation, as meas- 
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a < , VARIANCE 














3 4 --) 
@,OFFERED TRAFFIC IN ERLANGS 


Fig. 10 — The variance o? [= R(O)| of N(k) in equilibrium for regular ar 
rivals 


ured by Theorem 4. The value of a, — @y may be estimated from below 
° . . . N ’ a hl 
in terms of a; alone by the inequality a, — ay 2 aq — aq. From Theo- 


rems 4 and 5 we see that 


(1—a,+ ay)" Sr= he Tae 8 
PN 


and this inequality indicates the values of a, — ay for which py ~ 
(da. -** Gy Is justified. 

To put the matter more intuitively, we note that a, is the chance that 
a conversation, in progress at one arrival epoch, is still in progress at 


the next arrival epoch, i.e., 


ay Pr{holding time > interarrival time} 
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Similarly, if h; , --- , hy are N (independent) holding times, 
(ly Pr) TD hj > interarrival time). 
Sis! 


So the approximation is likely to be good at least when the chance that 
one holding time exceeds an interarrival time is not very different from 
the chance that each of N holding times exceeds an interarrival time 
(the same one for all NV). As a tentative conclusion we may say that 
Py ™ Qa, «++ ay is good when the loss is very high or very low. 

The ratio r = ajdz --+ ady/pw has been plotted as a function of the 
average offered traffic a in Figs. 11, 12 and 13 for Poisson arrivals, uni- 
formly distributed interarrivals and regular arrivals, respectively. The 
curves bear out the conclusions of the previous paragraph, that the 








ee bo te 


Fig. 11 The ratio r = (a\a2 --+ ay)/pw as a function of traffie a for Poisson 
arrivals, 
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Fig. 12 — The ratio r = (a,a2--- ay)/py as a function of traffic a for uni- 
formly distributed interarrivals. 


approximation py ~ @)d2 -:- dy is good for low and high traffic. Fig. 
14 shows a detail of r for very low traffic, for all cases at once. 

Lemma 2: For m, k = 1, dQi41 + Gem S Qk + Qeymii- 

Proof: the case m = 1 holds by convexity; for the same reason, 


Ay + Ap+2 = 20x41 ° 


Assume that the lemma holds for a given m and all k = 1. Then 


ay + Op+e 
9 


+ Ay +2+-m » 


Ok+2 + Qk+1+m 


— Ak+2 
9 


~ 


ay 
Ak41 + Ak+m+1 S Qui + + Ok+m+2- 
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Fig. 13 — The ratio r = (aja2 --- 


ay)/pn as a function of traffic a for regula 
arrivals. 


But a, + dk42 2 2ax4; implies 


Ap — Arye 
ys + = < a, 


so the lemma follows by induction. 
Theorem 6: Let 


N 
| = II {1 — @ + Cnrel, 


m=1 


U,” = ear 
k a — Any; + Aisa). 


j=0 
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JNIFORMLY DISTR. 
POISSON 
REGULAR 


an \ N | 
we 
DSea 








Fig. 14 Detail of r = (aja. +--+ ay)/pwy for low traffic a for Poisson arrivals, 
uniformly distributed interarrivals and regular arrivals. 
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Then 
I (N-1 < ] \ 
4k = Iw(Qe, °° » Ak+n-1 5 1) 


and, also, the chance of loss satisfies 


a\02°** ayn < G@\d2°°° 
> Ta = Pw = 7 " yt % 
l hase : Dy(a —@ay*** 


Proof: For N = 2, we have for k = 
Do(ax , Qk41, 1) = 1 — a, + 
Now, assume that for all k = 1 
Ly ‘aide < Dy(a, , 
Then, by Lemma 1, 


(N (N 
ay inl + (1 —_ ee Ly +1 
By convexity and Lemma 2, 
(N 1) 
Leas 
‘ (N—1) 
OF ee = 
Therefore 
N—1) 
E, (1 — & + din) S Dy al@a, °° 
N l 
But 
N 
(1 —_. + a in) Li 
ry N 
(l—-a@ct ayn) l k+l 


so the theorem follows by induction. 


VII. BOUNDS AND APPROXIMATIONS WHEN ARRIVALS ARE REGULAR 

In telephony, it is unrealistic to expect regular arrivals. Nevertheless, 
the results of Section VIII indicate that regularity of arrivals represents 
in a definite sense a limiting best case, for which the loss assumes a lower 
bound. For this reason we devote some effort to approximating the loss 
pw in this case. 

lor regular arrivals the loss py is given by 


1 N = = 
— > (5): a 
7 j Be 
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where x = exp}|—(1/a)} and a = offered erlangs. A simple procedure 
for obtaining an upper bound on py is as follows: we note that, since 
i aby 


(py) = =(*)a —xzy(i¢t¢e \litae't+a2’)-:-- (Ze ') 


d J 0 


he (*)a — 2)'jl = NL — 2)" a 


‘eo. 


—zx)’* 

| — 9)! 

The term on the right of the last inequality is seen to be the reciprocal 
of BIN, 1/(1 — 2)], where B(c, a) is the classical Erlang B function; 
that is, 


c/N 
a 


' (c/N)! :~ 
B y ) sl ’ 
-" Fa 1 Pe + ha) 


1=0 J 


where P(c, a) is the cumulative term >> a"e“/n! of the Poisson dis- 
nee 


tribution. This proves: 


Theorem 7: If arrivals are regular and a erlangs are offered, then py S 
] 


l/a 


B(N, n), where B is Erlang’s function, and yn = (1 — x) ' = (1 — e “’) 
From Theorem 9 of Section VIII we know that py S B(N, a); that 
is, we overestimate the loss for regular arrivals if we pretend that arrivals 
are Poisson. Let us therefore see whether the bound of Theorem 7 is 
better than B(N, a). Let a = (1 — ¢)', so that » = (1 — &")". Now 
¢ is tangent toe at ¢ = 1, i.e., ata = ©, and e' is convex; hence 
é >t,andlI—-¢21-—- é - so that 


a=(1-)'<(I 
for finite a. Since B is monotone increasing in the offered erlangs we 
conclude that BUN, a) < B(N, 7). Thus the bound of Theorem 7 is 
nowhere as good as the overestimate B(N, a) for py. 

However, there is a systematic way of obtaining a useful upper bound 
on py for regular arrivals. This bound again has the functional form of 
Erlang’s formula B(N, 7). However, n, instead of being chosen equal to 
a, is chosen to correspond to a Poisson process, which gives the right 
value of a, , exp{—(1/a)}, and involves fewer offered erlangs 7 < a. 
Now 

fe’ for regular arrivals at a erlangs 


a as < ‘ “ , 
: \n/(1 + ») for Poisson arrivals at 7 erlangs. 
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So 7 erlangs will give the right value of a, if and only if 


i ernie fol y=e 
.7¥ 


l/a 


We first show that, if 7 is defined in this way, then 7 < a. For u > 0, 
we have u + 1 < e", so that for u = a‘ we find 


l/c l/e 
e.60Or SE — eS, 


! ; 
n= Y <a tor y=e 
et. 
For this choice of n, then, B(N, n) < B(N, a). Now, from formula (7), 
it is apparent that if the a; are replaced term by term with quantities 
a,’, with a; S a,’, the result will be 2 py . We choose 


a, = n/(n+ 2), 


The a,’ correspond to Poisson arrivals with 7 erlangs offered. To obtain 


a bound it remains to be shown that, for 7 = 2,3, ---,N, 


nti 
This is equivalent to 


ytiz=tysy'', for y=e", 


which is seen to be true because y + 7 — iy is tangent to y' ‘at y = 1. 
The result of replacing a; by the chosen a,’ is just B(N, n). This proves: 
Theorem 8: If arrivals are regular and a erlangs are offered, then 


py & BN, n) < B(N, a), where B is Erlang’s function, and 


n 


This result suggests use of B(N, n) as an approximation to py . Two 
numerical cases illustrate this approximation: 

i. N = 8, 8 erlangs are offered; then y = e¢ °"” and » = 0.747. We 
find py = 0.17, B(N, ») = 0.20, BUN, a) = 0.235. 

ii. N = 5, 8 erlangs are offered; again, 7 = 0.747, and py 0.437, 
B(N, n) = 0.450, B(N, a) = 0.478. 


VIII. THE LOSS AS A FUNCTIONAL OF A(wu) 


lor each N, and each hang-up rate y, the loss py can be regarded as 
a mapping from the set of distributions A(u) of positive variates to the 
interval (0, 1). We write py(A) in this section for the loss resulting from 
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the interarrival distribution A(u), and we study the loss as a functional 
of A(u). 
lirst, it is instructive to keep the mean interarrival time 4; fixed and 


nyu 


to vary the interarrival distribution A(u). Since e is convex in u, 


we find 


[ e"’™* dA(u) = adn, 


70 
and hence 


1 — a, 


an 


But « *""' a, for the case where arrivals are regular, and y,; apart. 
This proves: 
Theorem 9: If y, wu, are positive constants, then 


) 


inf< py(A) iz dA(u) = Mi? 
ca 


is achieved for the unit step distribution 


l,u = M1, 


A(u) < 
0, &¢ < m. 


Thus, the probability of loss assumes a minimum, for fixed y and yy, , 
when the arrivals are regularly spaced at epochs 4; apart. 

We next show that, if the mean interarrival time yw; and the hang-up 
rate y are kept fixed, then the probability of loss can still be made ar- 
bitrarily close to unity by a proper choice of A(w). 

Theorem 10: If y, uw, are positive constants, then 


sup) py(A) | udA(u) ju? = 1. 


/ 


To prove this, let 1 > « > 0 be given, and consider those distributions 
which have a mass (1 — p) at yo > 0, and a mass p at y, > O. For such 
an A(u) we have 


On (1 me pye nyyo + pe aah Le 


Let g = (1 — p) exp{|— Nyy}, so that, for each n, 
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Then, since dy < ay_) < +--+ < a; < 1, we find from Palm’s formula 


(7) that 
pr(A) 2 (: + shes ‘) 
q 


We can now choose p and yo so small that py(A) = 1 — e, independ- 
ently of y,, which can then be chosen to satisfy 4; Yo(l — p) + yp. 
This proves the theorem. 

It is natural to use 


| l 


mr a) 
i udA(u) 


as a measure of the calling rate, and to use 


1 — py(A) _ 


ry(A) - fraction served times calling rate 


Mi 
as a measure of the rate of service, the rate at which calls are actually 
being completed. Suppose now that we are willing to tolerate a probabil- 
ity p of loss. Can we find an interarrival distribution A(u) which achieves 
p and for which the rate of service is a maximum for a given hang-up 
rate y? To answer this question, define the function 


P Vee N x N\ (1 —2)---(1—ay) 
J\01, Te, °°*, tn) = I +(} - Rees i () = os = 


so that py(A) = [f(a , a, 
Theorem 11: [If y > O and 0 < p < 1, then 
y(1 — p) 
sup} rwv(A) py(A) Pi : P ‘ 
4 — log BM 


° 2 N ] 
where x is the unique solution of the equation f(x, x, +++, x") pin 


the unit interval. The supremum is achieved by the unit step distribution 
A(u) defined by 


A(u) = ~ ' ae (9) 


The function f(x, 2°, --- , 2”) is monotone, decreasing from * to | 
in the unit interval. Since f is continuous, and 0 < p < 1, there exists 
a solution x of the equation f(z, 2°, --- , 2") = p’. Obviously, for A(u) 
defined by (9), we have py(A) = p. Now let B(u) be any other inter- 
arrival distribution with a finite mean, so that the service rate ry(B 
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exists. Suppose that B(u) achieves the probability p of loss; i.e., that 
pw(B) = p. We show that 


| udB(u) = —y" log x. 


For, suppose the contrary and set 


exps — 7 [ dB(u)? ; 
Jo 
then, by Theorem 9, [f(y, y’, «+> , y* < p, and 
[ udB(u) < —y' logx 
0 
implies y > x, so that [f(z, a°, --- a)" < fy, y’, --:, y)V" Sp, 
which is impossible. This proves that 


inf | u dB(u) | py(B) PP=-Y . log x, 
B ) 
and also Theorem 11. Note that the supremum in Theorem 11 is a linear 
function of the hang-up rate, y. 

Let N(t) be the number of trunks busy at time ¢, and let E{N(t)} 
be its average. It is not always true that lim F{N(d)} exists ast — «. 
However, if A(w) is not a lattice distribution, then 

oo 1 — py(A 

lim H{Nit)} = PN a 

t—r00 YH 
where 4; may be ©. This limit is the number of erlangs carried by the 
trunk group in equilibrium (see Takées'). Now a lattice distribution 
can be approximated arbitrarily closely by absolutely continuous dis- 
tributions. Thus, an immediate consequence of Theorem 11 is: 

Theorem 12: If 0 < p < 1, and x is as in Theorem 11, then 


sup lim H{N(t)} = tae mM 
A te —log x 

where the supremum is taken over A(u) such that py(A) = p and such 
that lim E}N(t)} ast > © exists. 

This theorem means, intuitively, that the maximum number of er- 
langs that N trunks can carry at a fixed loss probability p [the maxi- 
mum being over the appropriate A(w) which achieve a loss p] is a number 
depending only on N and p. 
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It may also be of interest sometimes to know what is the least proba- 
bility of loss incurred by offering a traffic of a erlangs to N trunks, with 
A(u) being varied, and y as well. The answer is given by: 

Theorem 13: If a > 0, then 

( ‘ 
inf ( pu(A | fw dA(u) = a> = [f(a,a’,---, 2)", 
Ay \ 
where x = e '", and the inf is achieved by any unit step distribution A(u) 
and y > 0 such that 


u (ay) J 


Alu) = 


jo 
0, u < (ay) 


The proof is essentially that of Theorem 9, and is omitted. 
ix. Pr{N(k) = N) AS A FUNCTION OF k 


The time-dependent behavior of the process N(k) is only touched on 
here, since a complete treatment requires the detailed investigation of 
the roots of the polynomial Dy(a,, a2, --- , ay, 2) occurring in the 
generating function p~y(z). Such a study is still incomplete. 

Nevertheless, some hints of the rate of approach to the limit py can 
be obtained from Theorem 1 and Wy(z) as they stand. For instance, if 
N(O) = 0, then 


1 N 
(1 — 2) ajay +--+ Ayz 


Wy(z) = 


»(*)a — az) --: (1 — azjany -- 


i=( 2 
From this it can be seen directly that 
Pr{N(k) = N | N(O) = 0)} = 
| 0 for k 


Q\d2 +--+ Gy fork = 


N—1 
ay\az **° ax + ba (a; — ax) | fork =n+1. 


=1 
' 


More terms may be computed from the generating function, but the 
labor involved increases rapidly. It is to be noted that (10), together 
with Theorem 5, suggests that the approach to py is monotone; also, 
the first nonzero term is the approximating product a,q2 --- ay discussed 
in Section VI. 
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lor N = 2 trunks, it is possible to discuss Pr{N(k) = N | N(O)} in 
a particularly simple way. The results are given here, together with a 
numerical illustration, for the light they shed on the time development 
of the process. From Theorem 1 we find that 


. : ul 022" 
z Pr {N(k) = 2) N(O) = 0} = nn * 
»» , (1 — z)(1 — za, + 2a) 


, 


so that 


Pr {N(k) = 2| N(O) = 0} 


0 for k = 


ade 


i 1 - & + (lg 


{1 — (a, — as)" 4 fork = 
Here py iS @\42/(1 — a, + ae), and is approached exponentially. 
Similarly, the generating function of Pr}N(k) = 2| N(O) 1} j 


1, Aez 22 
+ " 
(1 — z)(1 — za; + 2a») 1 — za, + 202 


so that 
Pr {N(k) 2| N(O) = 1} 
for k = 
for k 
A A2 


lt wake ~ exe + ala, — az) for k 
<—s rd ) 2 
Finally, the generating function of Pr} N(k) = 2|N(O) =: 


Q,Aez 202 


- — l, 
- z)(l1 — za, + 2a) id 1 — za, + 2a» i 


from which we find 


Pr {N(k) 2| N(O) =: 


1,2 


l a +a [1 — (a, — ay)" ‘| + ala, — a2)" 
— a 2 
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Fig. 15 — Pr{N(k) = 2\/N(O) = 0} for a = 1 erlang, N = 2 trunks and uni 
formly distributed interarrivals. 


This agrees with the previous conditional probability for k = 1, as it 
should. 

The three conditional probabilities Pr{N(k) = 2! N(O) m} for 
m = 0), 1, 2 have been plotted as functions of k for uniformly distributed 
interarrivals in Figs. 15, 16 and 17, respectively. The probabilities have 
been drawn continuously, but of course the functions are only defined 
for integers k. The example chosen exhibits a very rapid approach to 
equilibrium in terms of numbers of arriving calls, since the third arriving 
call finds essentially the equilibrium situation. 


X. THE EXPECTATION OF N(k) AND THE COVARIANCE 


The next result gives a formula for the mean value 2} N(/é)} in terms 
of the initial value E}N(0)}, and the probabilities Pr{N(j) = N} for 
jek-1. 

Theorem 14: The mean value of N(k) is 

a,(1 = a;') 


E{N(k)} = ———— 


l—a 


k 
+ a‘E{N(0)} — > a,’*" Pr {N(k — j -— 1) 








O)=1+ FOR: a=1,N=2, 


-n/a SINH (N/a) 
n/a 


an=e 

















Fig. 16 Pr{N(k) =2.N(O) =1} fora = 1erlang, N = 2 trunks and uniformly 
distributed interarrivals. 














ea 


Fig. 17 Pr{N(k) = 2|N(O) = 2} fora = lerlang, N = 2 trunks and uniformly 
distributed interarrivals. 
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To prove this we first obtain the generating function b,(z), either by 
differentiation from (1) or directly from the recurrences (4). We find 


> wha 1 ae 9 Wh AT { 
b> 2*E{N(k)} ai b,(z) oe za,{(1 z) ' ¥v(z)| a E\N (O)} 


’ 
ke0 1 — za, 


and this gives Theorem 14 upon expansion in powers of z. 
We define the covariance function R(n) of the random process N(k) 
by 


R(n) = lim E{N(k)N(k + n)} — E'{N(k)}. 
koro 


From Theorem 14 we can derive a formula for the covariance function 
R(n). 

Theorem 15: If Wn.w(z) is Wy(z) for the initial condition N(O) = n, 
|z| <1, {pm} is the stationary distribution of N(k), and m; = > M'Dm 
for i = 1, 2, then ‘ 


Ma Imm fza,[(1 — 2) * — ¥m,w(z)] +m 
zhi \ l — za 
— (1 — 2) (2 a : 
4 ] —9 ay ‘ 


+ a,"m2 — my 


and 


R(n) = R(—n) _ m,(ay a a," +1) 


l—-qQ 


n—l 
_ » MPm Zz a,’ Pr {N(n — j — 1) = N| N(O) = m}. 


m 7=0 


Before developing the results of Theorem 15 into a form useful for 
computation, we shall sketch the reasons for interest in the covariance 
function R(n). The function expresses quantitatively the cohesiveness 
of the process, the extent to which N(k + n) and N(A) are correlated. 
Besides this theoretical role, the covariance is involved in the practical 
matter of evaluating (theoretically) the sampling error in a certain kind 
of switch count (traffic measurement.) For a concrete example, suppose 
that 


n 


S = >} Mk) 


is used to estimate the average traffic encountered by arriving custom- 
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ers. Here n is the number of successive observations of the random 
process N(k). The variance of S is 


\ 


var{S} = E ‘> z N@N(H)} — nm, 
= } Ww cov { N(z), N(j)} 
= DL RG - j) 


n—l 
= nR(O) + 2 >> (n — j)R()), 
}=1 
where we have assumed that the observations began in a condition of 
equilibrium. Thus var{S} can be expressed in terms of the covariance 
function R(n). 
The formula for R(n) can be made more useful for computation by 
turning it into a recurrence relation for successive values of a certain 
linear function of R(n). We define auxiliary quantities Q, by 


N 


Q. = be mpm Pr{N(k) = N | N(O) = m} (11) 


m=() 
and note that 
1 — ay 


—' oo 1=0 


n—l 
9 may " mya, +1 
R(n) + my — = a)" (m: sel > y® i 


Hence also 


) P mya 
R(n + 1) + mm, — —— 


— ay 


/ n—l 
| - my ay, j+1 ‘ 
= a, (ay (m: “7 ) —Q, - -™ ay Qn; (12) 


me ie )7=0 } 


) 
ma 
2 Q,.} 


= Q {R(n) +m — 
( l— a J 


Thus, if the Q; are known, the R(n) may be calculated by a simple re- 
cursive procedure from R(0), which is the variance. The calculation of 
the Q, is simplified by the fact that, for small k, (a region of principal 
interest), many terms of the sum defining Q, are 0. For example, if 
0 < m < N — k, the conditional probability Pr{N(—k) = N | N(O) = 
m} is 0, since it is not possible for the kth man to find all trunks busy 
if the Oth man found fewer than N — k busy. The first few correction 
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TaBLE I. — Pr {N(k) = N | N(O) = m}. 


k 


(N? — N + l)ay* 
+ (w — 2N? + : 


Nanay i- (N -— l)ay? 


+ Nay-s*ayn + 
Nay-1anw — (N — l)ay? same as above 
aQn.i10Nn a vila N~1 +- (N = 1) (ay 


0 any-2 Gn-1 an 


terms Q, as defined above may be computed (by summation) for k 
0, 1, 2, 3 from Table I, which shows Pr{N(k) = N | N(O) = mi}, valid 
for m = 0: 

Curves of the covariance function R(n) for n = 1, 2 and 3 are plotted 
as functions of the offered traffic a for trunk group sizes N = 2, --- , 8, 
as follows: in Figs. 18 through 20 for Poisson arrivals; in Figs. 21 through 
23 for uniformly distributed interarrivals; and in Figs. 24 through 26 
for regular arrivals. The curve for N = 1 is not shown in any of Figs. 
18 through 26 because, in this case, R(n) = 0 for |n| > O (see below). 

The following conclusions seem to be reasonable after examination of 
the curves: 

i. R(n) is nonnegative and monotone decreasing in | n |. 

ii. For n and traffic a fixed, the covariance R(n) for Poisson arrivals 
exceeds the covariance R(n) for both the other two interarrival distri- 
butions (uniform and fixed) we have considered. Similarly, the covari- 
ance R(n) for regular arrivals falls below the value of R(n) for both 
Poisson arrivals and uniform interarrivals. We conjecture that R(n) for 
regular arrivals is less than or equal to R(n) for any other distribution 
of interarrivals, for the same traffic. 

A particularly simple but important case arises when N = 1; the case 
is simple because R(n).= 0 except for n = 0; the case is important, not 
because groups consisting of a single trunk are common (they are not) 
but because the case NV = 1 corresponds to making a measurement only 
on the first trunk of a group (of arbitrary size) in which the trunks are 
tried in a fixed order. For N = 1 it is easy to see (from Theorem 1) that 


Pr{ N(k) = l | N(O)!} —= bnco | for k = 0, 


= a; otherwise, 
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Ri 1) AS A FUNCTION OF 
TRAFFIC @ FOR POISSON 
ARRIVALS 


L.€. An=aAatr 











6 
IN ERLANGS 


Fig. 18 The covariance value R(1) as a function of traffie a for Poisson 
arrivals. 
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R(2) AS A FUNCTION OF TRAFFIC a 
FOR POISSON ARRIVALS, 
L.e@., An = a/(A +N) 











Fig. 19 — The covariance value R(2) as a function of traffic a for Poisson 
arrivals. 


so that N(k) is independent of N(0) for k > 0. Thus, in this case, 
R(O) = var {N(k)} = a — ay’, 
R(n) = 0, for n # 0, 


E{S/n} = E{N(k)} = a, 


a, — a 
var{ S/n} —— , 
n 


so that S/n is a consistent and unbiased estimator for a,. It is to be 
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R(3) AS A FUNCTION OF TRAFFIC a 
FOR POISSON ARRIVALS, 
L.€., An =O/(A+N 











6 
N ERLANGS 


Fig. 20 The covariance value R(3) as a function of traffic a for Poisson 
arrivals. 


emphasized that in this case S is the sum of n independent identically 
distributed random variables, each equal to 1 with probability a, , and 
to 0 with probability 1 — a,. Thus, S has a binomial distribution with 
“success” parameter a, . 


The method of traffic measurement (on a group) outlined in the pre- 
ceding paragraph has the disadvantage that it collects information very 
slowly. But it is relatively cheap, since all that has to be recorded is 
whether the first trunk is busy at arrival epochs or not, and it has the 
additional advantage that its statistical theory is relatively simple and 
has been well developed in the literature. It must be kept in mind that 
the sampling error estimates we develop are limited to measurements 
made at epochs just preceding arrivals. 

Often the traffic engineer needs to estimate the load offered to a group, 
rather than the load carried by it. The use of S to estimate a, tells him 
what fraction of the time the first trunk is busy. However, there are 
cases in which the knowledge of a, determines the offered load. This 
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R(1) AS A FUNCTION OF 
TRAFFIC &2 FOR UNIFORMLY 
2 DISTRIBUTED INTERARRIVALS 
en SINHN/a 


€., an = n/a 











Fig. 21 — The covariance value R(1) as a function of traffic a for uniformly 
distributed interarrivals. 


occurs, in fact, whenever qa, is a monotone function of the offered load 
a only. For example, when arrivals are Poisson, we have a; = a/(1 + a), 


so it is reasonable to use S/(mn — S) as an estimator of the offered load 
, : L/e ° » 
a. When arrivals are regular, a, = ¢ E so a reasonable estimate of a 


is 1/(log n — log S). 


In the Poisson example, this method of estimating a can be evaluated 
° °*f e ls . ‘ 
readily if we estimate a instead by means of (n + 1)/(S+ 1) — 1 
. . . . . l 
whose stochastic limit is obviously a ~. 


? 
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Fig. 22 — The covariance value R(2) as a function of traffic a for uniformly 
distributed interarrivals. 
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Fig. 23 The covariance value R(3) as a function of traffic a for uniformly 
distributed interarrivals. 








R(1) AS A FUNCTION 
OF TRAFFIC a 
FOR REGULAR ARRIVALS 
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Fig. 24 — The covariance value R(1) as a function of traffic a for regular 
arrivals. 





THE COVARIANCE VALUE R(2) 
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Fig. 25 
arrivals. 
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ipso 
R(3) AS A FUNCTION ¢ 


TRAFFIC @ FOR 
REGULAR ARRIVALS 


L.€. An =e 











5 6 
@, OFFERED TRAFFIC IN ERLANGS 
Fig. 26 The covariance value R(3) as a function of traffic a for regular 


arrivals 


The generating function of S is 
n 


[1 + (x — 1)a)" = Dx’ Pr{S = j}. 


7=0 


Hence 


al n+l 
ae a 1—(1 — a) 
af 1) "} = E{x"} dx = ———— 
it) | ii i (n + 1l)ay 


#0 


nit + | 1 ae af — (1 — a,)"]. 


of 2s) ay 


There seems to be no simple formula for the second moment of this 


estimator, nor for that of n/S. However, noting that 


(n+ 1) (n+ 1)° 
(S + 1)(S + 2) ~ (8S +1)?’ 


we can verify (by the same method as above) that 


a « i +e(1 — «)"** 


ris + 38 4.2)" E{x*\ dx dy = —— 
I | d (n + 1)(n + 2)a;? 


+1 


(n + 1) | n+11+a,(1 — a)" 


(S+ 1S +2), n+2 ay 
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Fig. 27 Rin) and R(O)a," as functions of traffic a for Poisson arrivals and 


N = 3 trunks. 


and so conclude that 


1 


n+ 1 _n+11+a,1 — a)" 
S + l 5 n + 2 a; a," 


[1 —(1 — a)’ 
var | 
This lower bound is likely to be very close to the variance on the left 
for large n, so that, in this region, 

{ 

n+ 1 (a, + 2 
Ma —-1)>~ 

s+ | 

It can easily be shown (by the methods of Section IV) that, if NV 0 ; 
i.e., if the trunk group is unlimited in size, the covariance function is 


Va 


exponential in character: 


R(n) R(O)a,”. 
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This suggests that, in some cases, R(n) ~ R(0)a," is a good approxima- 
tion to the covariance for N < «. This approximation is equivalent to 
ignoring the correction terms Q, in the recurrence relation (12) for the 
covariance. Since the sign of the Q, in (12) is negative, it is clear that 
the approximation is an overestimate. 

The covariance R(n) for n = 0, 1, 2, 3 and the overestimate R(0)a," 
for R(n) have been plotted together in Figs. 27, 28 and 29 for 3, 5 and 
8 trunks, respectively, and Poisson arrivals. The curves suggest the fol- 
lowing conclusions: 

i. The approximation R(n) ~ R(O)a;’ 
per trunk a/N is low. 


a 


is likely to be good if the load 


ii. If the load per trunk a/N is high, e.g., a/N = 1, the approxima- 
tion R(n) ~ R(O)a," may give a figure for the covariance (between 





R(n) AND R(O) af AS 
FUNCTIONS OF TRAFFIC a 
FOR POISSON ARRIVALS 

AND N=5 TRUNKS 








Fig. 28 R(n) and R(O)a," as functions of traffic a for Poisson arrivals and 
N = 5 trunks. 
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R(n) ano R(O) a? 
AS FUNCTIONS OF 
TRAFFIC 8 FOR 
POISSON ARRIVALS 
AND N=8 TRUNKS 








Fig. 29 R(n) and R(O)a," as functions of traffic a for Poisson arrivals and 
N = 8 trunks. 


separate observations of N(/)) that is several tymes the actual value. 


This effect seems to increase with the separation, n. 
iil, Variances, such as that of 


S = > N(k), 


1 
computed on the basis of the approximation R(n) ~ R(O)a," are overesti- 
mates, so that use of this approximation in estimating sampling error is 
conservative. 
iv. The value of a at which R(n) has its (apparently unique) maxi- 
mum seems to be the same for all n, depending only on N, the size of 
the group. 
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High-Frequency Gallium Arsenide 
Point-Contact Rectifiers 


By W. M. SHARPLESS 


(Manuscript received September 11, 1958) 


Gallium arsenide, one of the Group III-V intermetallic compounds, 
appears to be an excellent semiconductor for use in point-contact devices. 
This paper describes some recent work in which single-crystal gallium 
arsenide, with resistivity adjusted to fit the application, is used for point- 
contact rectifiers which operate efficiently as frequency converters at fre- 
quencies as high as 60 kme, and for switching diodes which show no minority 
carrier storage effects for switching time of the order of 10~° seconds. These 


devices will operate over a considerable range in temperature. 


I. INTRODUCTION 


Silicon and germanium semiconductor materials have been used in 
point-contact rectifiers for many years and numerous types of rectifiers 
employing these two materials are commercially available today. Techni- 
cal papers too numerous to mention have been published covering the 
important features of these Group IV semiconductor materials. 

More recently, there has been increased interest in some of the semi- 
conductor materials generally referred to as the intermetallic compounds. 
These are formed by a combination of some of the Group III and Group 
V elements and tend to possess some of the better properties of both 
silicon and germanium.* Due to the higher energy gaps, higher electron 
mobilities and, in some cases, the lower dielectric constants of some of 
these III-V compounds, theoretically they should make efficient high- 
frequency rectifiers and should be able to operate at higher tempera- 
tures than either silicon or germanium. t 

Gallium arsenide (GaAs), one of the III—-V intermetallic compounds, 
appears to be very attractive for high-frequency point-contact rectifiers. 

* A good review of the work that has been done on the Group III-V compounds 
appears in a recent book.! 


t The importance of the semiconducting compounds was perhaps first discerned 
by H. Welker in Germany early in the 1950’s.? 


95O 
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In a recent paper, Jenny*® reports that GaAs point-contact rectifiers 
have operated efficiently as first detectors at frequencies as high as 6 
kme. 

This paper describes some of the work on gallium arsenide point- 


contact rectifiers which is currently in progress at Bell Telephone 
Laboratories, Holmdel, N. J. By controlling the resistivity of the sin- 
gle-crystal gallium arsenide and by the selection of the proper point 
material and processing technique, rectifiers intended for either high- 
frequency first detectors or lower-frequency high-speed switching de- 
vices have been produced. Measurements have been made of conversion 
loss, output noise ratio and intermediate-frequency impedance of GaAs 
rectifiers operating as first detectors in the millimeter wave band (55 
kme) and in the X-band (11 kme). High-speed switching diodes have 
been made which showed no carrier storage effects for switching times of 
the order of 10~!° seconds. Rectifying characteristics have been taken 
on test diodes over a temperature range between —320° F and + 237° F. 


Il. GENERAL PROCESSING OF GaAs RECTIFIERS 


Some variations in the general processing techniques have been found 
necessary in order to produce the several different types of rectifiers 
desired. There are, however, several steps in the processing that are 
common to all types and these will be discussed first. 

It is of prime importance to obtain a good ohmic back contact to the 
GaAs sample. Experience at our laboratory has indicated that one of 
the best ways to accomplish this is to deposit a thin tin-and-nickel 
coating on the flat, clean back surface of the GaAs. The sample is then 
heated in a vacuum furnace to a temperature at which the tin will start 
to diffuse into the GaAs. This forms an excellent ohmic back contact to 
the GaAs and leaves a tough nickel external surface which may be used 
for subsequent soldering. Back contacts made in this way are very 
uniformly adherent. This becomes most important when the samples 
are diced into miniature squares suitable for soldering to the small 
supporting structures needed in very high frequency devices. 

The surface of the sample which is later to be used for the point con- 
tact is finished either by grinding with M305 abrasive or by polishing to 
a smooth, mirror-like finish with a one-micron sapphire dust abrasive. 
We have found that the polished surface results in a more reproducible, 
lower-capacity point-contact area than any of the ground surfaces tested. 
In either case, just before the rectifiers are assembled, the GaAs contact 
surfaces are given a light chemical etch with a dilute solution of hydro- 
fluoric and nitric acids. 
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An exhaustive study of all the materials which might be used for 
point-contact springs was not made, but, of the metals tested, our best 
results have been obtained with spring-tempered phosphor bronze 
wires. The ‘‘S” springs are welded to their supports and sharply pointed 
electrolytically. For very high frequency work the use of a very sharp 
point is desirable and the pressure applied to the contact area is kept 
small. For lower frequency and higher power switching applications, 
the strength of the springs is increased and the sharpness of the points 
becomes of lesser importance. 

When a metal point is brought into contact with a prepared semi- 


conductor surface, the initial rectification pattern is usually poor com- 


pared to the desired static characteristic but can be improved by further 
contact conditioning.* In the case of p-type silicon rectifiers, it has 
generally been found possible to bring about this improved rectification 
ratio by mechanically tapping the rectifier case. For n-type germanium 
rectifiers this conditioning or forming may be accomplished by applying 
electrical pulses directly to the rectifier terminals. 

N-type GaAs responds to contact area forming in much the same way 
as do n-type germanium rectifiers. The forming technique consists of 
applying a series of fairly high-level pulses of energy to the rectifier 
terminals after point contact has been established. We have found that 
60-cycle sine-wave pulses are quite satisfactory for this forming, and the 
low-frequency static characteristic may be observed on an oscilloscope 
while the forming is taking place. Arrangements are provided for sepa- 
rately controlling the magnitude of the voltage applied in either the 
positive or negative direction, or both voltages may be applied simul- 
taneously. The resulting current is controlled by adjusting the value of a 
series resistor. A considerable amount of latitude in forming is thus 
provided. 


Ill. CONTROLLED-RESISTIVITY GALLIUM ARSENIDE MATERIAL 


The rectifiers described in this paper have all been made from specially 
doped GaAs material obtained from single-crystal ingots prepared by 
J. M. Whelan of Bell Telephone Laboratories at Murray Hill, N. J. 
Preparation of the compound and growth of single crystals by the float- 
ing zone method have been previously described.‘ In a private communi- 
cation, Whelan describes the method used to prepare single crystal 
GaAs of controlled resistivity as follows: Zone refining was used to 

* An exception is found for semiconductor materials which have had their 


surfaces previously conditioned by ionic bombardment. In such cases further 
surface conditioning is not necessary or, in general, desirable. 
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Fig. 1 Typical static characteristics of GaAs point-contact rectifiers as a 
function of semiconductor resistivity 


increase the resistivity of the GaAs above that required for diodes. 
The purified material was then doped to the desired resistivity, 0.002 
to 0.07 ohm-cm, by regrowing the crystal in an arsenic atmosphere 
containing one of the following donor impurities: sulphur, selenium or 
tellurium. Overdoping was corrected, when necessary, by subsequent 
floating zone passes in a “‘pure’’ arsenic atmosphere.® 

The effect of varying the resistivity of the GaAs material used in a 
point-contact rectifier is shown in Fig. 1. Typical static characteristics 
ure shown for rectifiers made from doped GaAs materials, ranging from 
0.065 ohm-cm for a lightly doped sample to 0.002 ohm-cm for heavily 
doped material. The data presented in Fig. 1 were obtained using the 
same size pointed phosphor bronze springs and the same contact pressure 
in each case. The contact surface preparations were also the same. The 
forming techniques were optimized insofar as possible for each rectifier, 
and thus the curves show the typical static characteristics that result 
when rectifiers are processed using different resistivity GaAs materials. 
Depending on the particular application intended, the spreading re- 
sistance and other characteristics of the rectifiers may thus be varied 
over a considerable range by the selection of the properly doped ma- 
terial. Further, depending on the type of rectifier desired, the frequency 
characteristic and power handling capacity may be varied by control- 


ing the size of the point-contact area and the contact pressure. 
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3.1 Millimeter Wave Rectifiers 


As mentioned earlier, GaAs rectifiers have been prepared for use as 
first detectors in both the millimeter and X-band range. Measurements 
have been made of conversion loss, output noise ratios and 1F impedance 
for typical operating conditions. 

GaAs rectifiers intended for operation as first detectors at millimeter 
waves (50 to 90 kmc) are assembled in the wafer-type millimeter wave 
mounting shown in Fig. 2. For very high frequency first detector recti- 
fiers, it is important to keep the product of the barrier capacity and the 
spreading resistance as small as possible; thus, the lowest resistivity 
(p = 0.002 ohm-cm) material is selected for this application (see Fig. 1). 
A 0.001-in. diameter phosphor bronze wire spring is selected to give the 
low contact pressure desired and the wire is sharply pointed to give the 
small contact area needed. The rectifier is mechanically assembled in 
much the same way as are the silicon millimeter wave wafer rectifiers 
described in a previous paper.® A light contact pressure is applied by 
advancing the point one-half mil after contact between the polished 
surface of the GaAs and the phosphor bronze point has been established. 
A low ac voltage (4-6 volts peak) is then applied for viewing the static 
characteristics on an oscilloscope. Arrangements are provided for 
limiting the voltage and current, as mentioned earlier. Rectifiers in- 
tended for operation at millimeter waves are given no contact forming 
other than that which takes place when the low-voltage ac is applied 
through a 1000-ohm series resistor while the static characteristic is being 
viewed. 

Table I gives the measured performance figures for the best point- 
contact wafer-type millimeter wave rectifiers we have made using either 
silicon, germanium or gallium arsenide as semiconductor materials. 
Conditions of operation have been optimized for the best output signal- 
to-noise ratio for each type of rectifier measured. Both the germanium 
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Fig. 2 Millimeter-wave wafer unit using GaAs 
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TABLE I 


Conversion Noise Ratio, Zir, ohms 


> px Tw Se , ate 
Rectifier Type emiconductor Material Lous. db Ne 160" m< 


Wafer p-type silicon 6.4 6 260 
Wafer n-type germanium 6.6 2. 300 
Wafer n-type gallium arsenide 5.6 2. 325 


and GaAs units were given a few tenths of a volt positive bias. Measure- 
ments were made at a frequency of 55.5 kme using a 60-me intermediate 
frequency. 

From the table it can be seen that the lowest first detector conversion 
loss figure measured at millimeter waves was obtained using a GaAs 
rectifier. One would expect low conversion losses for GaAs units due 
to the high mobility and low spreading resistance of the basic GaAs 
materials used, but the actual measurement of a conversion loss below 
6 db at a frequency of 55 kme is gratifying. The noise outputs from 
millimeter wave rectifiers all tend to be higher than those measured 
for similar types of rectifiers designed for and used at longer waves. It 
is believed that this is at least partly due to the lighter point-contact 
pressures that are required in these very high frequency units. Further 
experience may be helpful in reducing these noise ratios. 


3.2 Microwave Rectifiers 


GaAs rectifiers intended for operation in the microwave bands have 
been assembled in the small low-capacity cartridge case shown in Figs. 
3 and 4. These units use contact points and semiconductor wafers of 


approximately the same size as the millimeter wave units described 
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Fig. 3 Cross section of microwave low-reactance cartridge-type GaAs recti 
fier holder 
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Fig. 4 Photograph of cartridge-type GaAs rectifier holder, with pigtail 
leads for use at low frequencies (magnified 8 times 


above, and since the inductance and capacity of the rectifier components 
are very small —as they must be for millimeter waves — the unit is 
easily adaptable to broadband designs in the kilomegacycle range. 

The cartridge rectifiers intended for operation at X-band (11 kme) 
are assembled by first pressing in the GaAs detail and then the phosphor 
bronze point detail until contact is established. The pointed wire “S”’ 
spring, approximately 0.002 in. in diameter, is then advanced seven- 
tenths of a mil and the contact area lightly formed in the same manner as 
for the millimeter wave first detectors. GaAs material in the low resis- 
tivity range between 0.002 and 0.004 ohm-cm is used for these rectifiers 

In the microwave region, the cartridge-type rectifiers may be mounted 
directly in waveguides in the conventional manner. The cartridge, 
because of its small size, also adapts itself to special types of broadband 
arrangements such as those provided by coaxial lines or by ridged or 
stepped waveguides. Fig. 5 suggests one such possible microwave 
mounting arrangement, where the impedance of the regular waveguide 
is lowered by reducing the E-plane guide height until it presents an 
impedance the same as the resistive component of an average rectifier 
The remaining reactance may be tuned out with a waveguide shorting 
section, which follows the rectifier. Since both ends of the cartridge are 
the same physical size, the rectifiers may be turned end for end when a 


change in polarity is desired. 
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Fig. 5 Broadband waveguide arrangement for use with cartridge-type 
rectifiers 


Table IL gives some measured broadband first detector performance 
figures for several point-contact cartridge-type rectifiers that we have 
made using samples of our best silicon and best gallium arsenide ma- 


terials. Conditions for operation were optimized insofar as possible for 


each group of rectifiers measured, with the GaAs units given a few tenths 
of a volt positive bias. Measurements were made at a frequency of 11 
kme employing a 60-mc intermediate frequency. A beating oscillator 
drive of one milliwatt was used in all cases. 

From the table below it can be seen that the measured output noise 
ratios of GaAs point-contact rectifiers operating as first detectors at 
11 kme are at least as good as those for similar units employing silicon 
as the semiconductor material. Further, the average conversion loss of 
the GaAs units is at least one db better than that of the silicon group 
measured, which would mean that, conservatively, the over-all noise 
figure of an 11-kme receiver would be improved at least one db by using 
GaAs in place of the silicon. If we used a GaAs first detector having 
the best conversion loss and noise ratio in Table I] together with an 
iF amplifier having a noise figure of 14 db, the resulting over-all receiver 
noise figure at 11 kme would be 6.0 db. It appears that the reproduci- 
bility of the GaAs units is good and that the variation between one unit 
and the next will be small; this is evidenced by the small difference 


between the average and best conversion loss listed in Table I. 


TABLe II 


Conversion Loss, db Noise Ratio, Vr 
Number Range of Z7P, 
of Units ohms 

AY Best Average Best 


p-type silicon IS 5 1.47 1.36 300-500 
n-type gallium arsenide S ; 1.35 1.20 275-580 
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IV. SWITCHING RECTIFIERS 


GaAs rectifiers intended for high-speed switching applications are 
assembled in much the same way as are the microwave diodes, using 
the same low-capacity case shown in Fig. 4. In general, these units 
operate at higher power levels and at frequencies in the lower kme 
region; thus a heavier contact pressure may be applied, and a 0.003-in. 
diameter phosphor bronze wire spring is used with a spring advance 
after contact of up to one and one-half mils. These units are given a more 
intensive ac forming by increasing the peak driving voltage to about 20 
volts and reducing the value of the series current limiting resistor to 300 
ohms. 


GaAs material in the resistivity range from 0.02 to 0.04 ohm-cm is 
used for general-purpose switching rectifiers. It is obvious that, depend- 
ing on the exact requirements regarding forward and reverse impedances 


at a given driving voltage, one might use resistivity values different 
from the range mentioned above. In general, the GaAs material for 
switching applications is selected on the basis of using the lowest resistiv- 
ity material that will allow a satisfactory reverse characteristic (see 
Fig. 1). During the forming process, the forward resistance tends to 
decrease rapidly, as desired, but, at the same time, the contact area 
tends to increase, which is in the direction of limiting the efficiency of 
operation at the higher frequencies. Thus, as in all point-contact devices, 
several factors must be considered in the processing of the rectifiers 
and, in general, a compromise is adopted which will arrive at the best 
rectifier for a particular application. In the case of the switching recti- 
fiers, a resistivity of about 0.03 ohm-cm is used, together with a forming 
technique which gives a good compromise between low capacity, low 
forward resistance and very high back impedance up to, say, —10 
volts. Measurements made on switching rectifiers of this type show no 
minority carrier storage effects up to switching times of the order of 


10-'” seconds, which is the limit of our present measuring equipment. 


V. TEMPERATURE EFFECTS 


Since GaAs possesses a relatively high energy gap (1.34 ev) it tends 
to be more suitable for stable operation at higher temperatures than are 
possible for either silicon or germanium. Fig. 6 is a multiple photograph 
of a cathode ray oscilloscope display showing the low-frequency static 
characteristic of a point-contact GaAs rectifier as the temperature was 
varied from —320° F to +237° F. It will be noticed that the statie char- 
acteristics changed only slightly over this large temperature range, the 
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Fig. 6 Effect of temperature variation on the static characteristie of a 
GaAs point-contact rectifier 


principal change being in the location of the knee of the reverse current 
characteristic. It is obvious that the temperature limit for good rectifica- 
tion was not reached at either extreme of the range covered. Experimental 


evidence has been published! which indicates that certain samples of 


n-type GaAs were found to show very small changes in Hall coefficient, 
resistivity or mobility up to a temperature near 600° F. This indicates 
that GaAs rectifiers would probably operate efficiently at temperatures 
this high if a temperature-stable mounting were provided. 

Groups of GaAs point-contact rectifiers have now been in storage 
at room temperature in our laboratory for periods of several months. 
There is no evidence to date that the normal changes in relative humidity 
and temperature experienced in the laboratory have had any effect on 
the rectifying properties of the units. 


VI. CONCLUDING REMARKS 


It appears that gallium arsenide semiconductor devices may well 
enjoy a very bright future. The relative insensitivity of gallium arsenide 
point-contact rectifiers to rather large changes in operating tempera- 
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tures will be important in many diode applications. Extensive burn- 
out tests were not made, but gallium arsenide rectifiers appear to possess 
as good burn-out properties as similar types of rectifiers made with either 
silicon or germanium. Efficient operation of gallium arsenide rectifiers 
as first detectors at frequencies extending upward into the millimeter 
wave band has been demonstrated. Gallium arsenide high-speed switch- 
ing diodes have been made which show no carrier storage effects for 
switching times of the order of 10~!" seconds. 
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Paramagnetic Spect ‘a of Substituted 


Sapphires Part I: Ruby* 
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The paramagnetic resonance properties of Cr’ ”* ions in ALOs (ruby) 
were investigated theoretically and experimentally in order to obtain infor 
mation necessary for the application of this material as active material in 
a three-level solid-state maser (3LSSM). Numerically computed energy levels, 
fogether with their associated eigenvectors, are presented as a function of 
applied magnetic field for various orientations of the magnetic field with 
respect to the crystalline symmetry axis. A more detailed discussion is de 
voted to energy levels, eigenvectors and transition probabilities at angles 0°, 
54.74° and 90°, where certain simple relations and symmetries hold. Para 
magnetic spectra for signal frequencies between 5 and 24 kme are shown; 


agreement between computed and measured resonance fields is satisfactory. 


I. INTRODUCTION 


Among the paramagnetic salts that have been used as active materials 
in three-level solid-state masers (3LSSM),''*'* ruby shows rather desir- 
able properties. While maser action of this material has been achieved 
at microwave signal frequencies of 3 to 10 kme,’ it should be possible toe 
cover more than the whole centimeter microwave range. Perhaps even 
more important from a practical point of view are the bulk physical 
properties. Extremely good heat conductivity at low temperatures allows 
handling of relatively high microwave power dissipation. Industrial 
growth of large single crystals by the flame fusion technique and ma 
chinability with diamond tools make it possible to fabricate long sections 
of ruby to very close tolerances, 2 necessity in travelling-wave maser 
(TWM) development. Also, ruby can be bonded to metals, thus allowing 
a high degree of versatility in maser structural design. While the use of 
ruby in 38LSSM, in particular in nonreciprocal TWM, will be described 


* This work is partially supported by the Signal Corps under Contract Number 
DA-36-039 se-73224 


271 





THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1959 


in forthcoming papers by members of Bell Telephone Laboratories, this 
paper is intended to give some background on paramagnetic resonance 
behavior of ruby. 

In general, the paramagnetic resonance properties of an ion in a crystal 
canbe completely described by a spin Hamiltonian containing a relatively 
small number of constants. In the case of ruby, these include the spec- 
troscopic splitting factors parallel and perpendicular to the crystalline 
axis, gy and g,, the total spin S = 3/2 and the sign and magnitude of 2D, 
the zero field splitting. Nuclear interactions can be neglected since the 


most abundant isotope, Cr”, is nonmagnetic (J = 0) whereas the mag- 


> 


netic isotope, Cr”, (/ 3/2) has small abundance (9.5 per cent) and 
leads to negligible line broadening only. Taking this into account, one 
can even predict on the basis of the total spin and the crystalline sym- 
metry surrounding the Cr**” ion that no other terms can occur in the 
spin Hamiltonian. 

However, in order to predict operating conditions of this or other ma- 
terials in a 3LSSM, it is necessary to know the separation of energy 
levels for supplying the proper pump and signal frequencies, the order 
of magnitude of the associated transition probabilities and perhaps other 
circumstances, such as coincidence of transition frequencies, which, by 
spin-spin interaction, may lead to shortening of the associated relaxation 
times (self-doping condition). In this paper, this information is evaluated 
by the formalism of the spin Hamiltonian and, at least in part, compared 
with experiment. The data presented graphically are intended to form 
an ‘atlas’? of the ruby paramagnetic resonance properties. In the paper 
which follows, some general viewpoints are presented on modes in which 
paramagnetic materials can be operated as active materials ina 3LSSM. 
In further papers, paramagnetic spectra of other substitutional ions such 
aus Co" and Fe*** in sapphire will be presented in order to furnish suffi- 
cient information to find coincidences of transition frequencies of Cr™*" 
with Co” or Fe’ ~~ lines resulting in reduced relaxation times (impurity- 
doping condition). 

For a derivation of the method of spin Hamiltonians, reference should 
be made to such review articles as those by Bleaney and Stevens’ and 
Bowers and Owen.° Knowledge of the associated formalism is perhaps 
desirable but not necessary for utilization of the results reported in this 
paper. Briefly, the spin Hamiltonian describes the energy of a para- 
magnetic ion arising from interaction with host crystal environment and 
applied magnetic field. Obeying quantum laws, the ion can exist in one 
of several states associated with discrete energy levels. Transitions be- 
tween such states can occur if the energy balance AF is supplied to or 





PARAMAGNETIC SPECTRA OF SUBSTITUTED SAPPHIRES 


extracted from the ion. Given some probability for radiative transitions, 
these can be induced by applying a magnetic field of radio frequency 
vy = AE/h (h = Planck’s constant). If there are more transitions to the 
higher state, net absorption will be observed such as is normally ob- 
served with a spectrometer. If there are more transitions to the lower 
state, stimulated emission of energy will be observed such as is utilized 
for amplification in a 3LSSM. 


Il. THE SPIN HAMILTONIAN 


The spin Hamiltonian of Cr” in Al,Os was first published by Manen- 

7 ‘ : r : ‘ . 9 

kov and Prokhorov’, and later by Geusice’ and Zaripov and Shamonin. 
It was given in the form 


KR = gH, + 9,(H,S, + H,S,) + D{S/ — 48(S + 1). (1) 


The effective spin S = 3/2 is identical with the true spin. All Cr’*~ ions 
in the crystal lattice show identical paramagnetic behavior, with the 
mugnetic z-axis being the same as the trigonal symmetry axis of the 
ervstal. The best values for the constants seem to be 


2D = —2D’ —().3831 + 0.0002 em’ = —11.493 + 0.006 kme, 
gy = 1.9840 + 0.0006, 
g, = 1.9867 + 0.0006. 


While it is customary in spectroscopy to express energy in units of em 
omitting a factor he (kh = Planck’s constant, ¢ velocity of light), units 
of kme are used simultaneously, omitting a factor of 10° h, because this 
allows direct interpretation in observed spectra. 


In particular, the negative sign of D was obtained by Geusic.” He 
deduced this from the facet that gy < gi, since in less than half-filled 


d-shell ions, such as Cr’ "", the spin-orbit coupling term X is positive, 
and D is given by 2D = X(gy — ga). Sign and magnitude of D are in 
agreement with results of low-temperature static susceptibility measure- 
ments by Bruger."” In this work also, the negative sign of D was con- 
firmed by comparing the relative intensities of two lines at liquid nitrogen 
and helium temperatures. 

The spin Hamiltonian (1) can more conveniently be written in 
spherical coordinates: 


aT = qyll cos 6S, + hdiH sin @(e '*S, “f e*S.) 


— D'{S;/ — 4S(S + 1) 





274 THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1959 


Here S, S, + iS, . In both representations (1) and (2) the crystalline 
axis was chosen to be the z-axis. While the choice of reference system is 
immaterial to obtaining eigenvalues (energy levels), this choice shows 
up in the associated eigenvectors. The eigenvectors have no direct phys- 
ical interpretation; they must be evaluated in order to obtain transition 
probabilities. The transition probabilities most naturally obtained from 
eigenvectors of the Hamiltonian (2) are those which correspond to ex- 
citation by RF magnetic fields whose polarization is either linear and 
parallel to, or circular and perpendicular to, the crystalline axis. 

In 3LSSM design, however, it seems more appropriate to analyze the 
performance in terms of RF magnetic fields whose polarization is either 
linear and parallel to, or circular and perpendicular to, the applied field. 
The corresponding eigenvectors and transition probabilities can, of 
course, be obtained from those belonging to the Hamiltonian (2) by a 
-by-4 transformation matrix. But it is more efficient to obtain them 
directly through a transformation of the original spin Hamiltonian (1) 
or (2) into a coordinate system with the z-axis parallel to the applied 
field. The result of this transformation is 


HK (q cos’ 6 T 9s sin’ 6)BHS 


— D'(cos’ 6 — 3 sin’ @)[S.2 — 4S(S + 1)] 


- p'} 


cos @ sin 6fe ‘*CS.S, + S, 


D’} sin’ o(e °° S,? + eS’), 


Ill, ENERGY LEVELS AND EIGENVECTORS 


From the Hamiltonian 3 (3), its energy eigenvalues W are found 
numerically by solving the fourth-order secular equation 


(4) 


The eigenvalues W are functions of H and @, but not of ¢ since, because 
of the symmetry of the Hamiltonian, rotation about the z-axis does not 
change the physical situation. On the following plots (left-hand sections 
of Figs. 1 through 11) diagrams of energy levels W (in units of kme) are 
shown as a funetion of applied field 7 (in units of kilogauss). Plots are 
given for angles @ from 0° to 90° in steps of 10° and, in addition, for 
54.74 

Also, by change of scales, dimensionless eigenvalues y = W/D’ are 
shown as functions of the dimensionless quantity 2 = G/D', where 


G (q cos 6 4 Ja sin’ 6)BH. 
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Fig. 1 nergy levels and eigenvectors of the Cr*** paramagnetic ion in ruby 
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Fig. 3 Energy levels and eigenvectors at 20°. 
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This dimensionless representation facilitates computations and reveals 
more clearly symmetries and singular relations in the energy level 
scheme. It also permits the use of the same diagrams for ions having the 
same Hamiltonian but different zero field splitting 2D. Similar energy 
level diagrams were computed by P. M. Parker" for the case of nuclear 
spin resonance with nuclear quadrupole splitting present which is de- 
scribed by the same type of Hamiltonian. 

As a convenient way to identify the energy levels W, a quantum num- 
ber 2 ranging from —}$ to +3 is used in order of increasing energy. 
Thus W(—3) is the lowest, W(3) the highest energy level. It is easily 
shown that, for all angles @ and x = 0, y(—3) = y(—?) = —1 and y(a) 

y(3) = 1. Asa matter of mathematical curiosity, it may be mentioned 
that, irrespective of @ at x = 1, y(s) = 1/2. 

The eigenstates | 7) (using Dirae’s ‘‘ket’’ notation) associated with 
energy levels W(7) can be expanded in the form 


9 


a(”i; m) | m). 


m 


Here, | m) are eigenstates of a Zeeman Hamiltonian 3 = g8HS,. The 
x(i; m) are amplitudes of eigenvector components or, more briefly, 
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eigenvectors and form a normalized and orthogonal system of coefficients. 
With high applied magnetic field H, | i) — | n) and a(’i; n) — 1; there- 
fore, | m) are termed high-field eigenstates and a(/i; m) high-field eigen- 
vectors. 

Eigenvectors a(i; m) are obtained as solutions of linear homogeneous 
equation systems, the matrix of which forms the secular equation (4) 
with the particular eigenvalue W(/) inserted. Since this matrix depends 
on ¢g, the a(’; m) are also functions of g. The computations were carried 
out for ¢ = 0, with @ restricted to 0 < 6 < w/2 and negative sign of 
D= —D"’. 

This choice implies that the crystalline axis lies in the positive quad- 
rant of the 2-z plane and it results in real eigenvectors a(fi; m). These 
are plotted in the right-hand sections of Figs. | through 11, adjacent to 
plots of the corresponding eigenvalues W(7). Negative a(#i; m) are indi- 
cated by dashed lines. 

A nonzero ¢ would, in general, result in new complex eigenvectors 
a’(vi; m) = [exp i(m — fi)gla(vi; m). Taking 7/2 < @<arorg =f 
would change the sign of every second eigenvector, that is, of those with 
m=n+landm = n +3. The same is true for a change of sign of D, 
but then, in addition, every 7% and m and energy eigenvalue has to be 
replaced by its negative. It is obvious that such transformations do not 


change the physical situation as far as transition probabilities are con- 
cerned. 


IV. TRANSITION PROBABILITIES 


There are several ways in which transition probabilities could be 
evaluated and plotted. One way would be to consider transitions induced 
by radiation of given polarization. With eigenvectors belonging to the 
Hamiltonian (3), the obvious RF magnetic field polarizations to consider 
are those with rr H-field linear and parallel to, or circular and per- 
pendicular to, the applied field. But transitions due to any other polariza- 
tion could be evaluated as well. Perhaps more natural from a theoretical 
point of view would be an evaluation of the maximum transition prob- 
ability. This requires a particular—in general—elliptical, polarization for 
excitation, which of course should be evaluated, too. All polarizations 
orthogonal to this (which in general are elliptical as well), and which 
describe a plane in space having complex components, are associated 
with zero transition probability. Taking into account these different 
viewpoints and the six transitions which are possible between four 
energy levels, it appears that an unrealistically high number of graphs 
would be necessary to describe the transition probabilities properly. 
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l‘urthermore, in maser design it is usually sufficient to know the order 
of magnitude of transition probabilities of particular lines, because often 
other factors may be more important. Therefore, no plots of transition 
probabilities are presented. On the other hand, enough of the per- 
tinent formalism is given below so that any transition probability 
can be evaluated from the eigenvectors plotted. 

Following essentially Bloembergen, Purcell and Pound,” with slight 
generalization, the transition probability w describing the rate of transi- 
tions per ion from a lower state 7% to a higher state i’ > fi is given by 


1 (2rgBH,\ : 
( map) giv — wo) | (i | Si | %) |. (6) 
] 


Here H, is the amplitude of the exciting RF magnetic field, g(v — vo) isa 
normalized function describing the line shape fg(v — ) dv = 1, and S, 
is a spin operator reflecting the polarization of the inducing RF magnetic 
field. If the rr magnetie field is described by the real parts of 
H, Hae’, H, = Hybe'', H H,ce"*' with “complex direction 


cosines” a, b, ¢ accounting for elliptical polarization, 


a*a + b*b + c*e . 


S, = a*S, + b*S, + c*S,. (7) 


Matrix elements for S; occurring squared in (6) are linear combinations 
of the following three: 


+3 /2 


> mali’; m)a(ii; m), (8) 


m=—3/2 


pe bs (9) 
[SCS + 1) — (m + 1)m|'"alii’; m + Lali; m), 


“ (10) 
[SCS + 1) — (m - Lm) "a(n’; m — Lali; m). 


The square root in (9) and (10) takes on the values a/3, 2 and V3. 
For example, with linear polarization in the z-direction, H, = H, cos wt 


and S, S.. For circular polarization perpendicular to the z-direction, 
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H, = (1/+/2)H, cos wt, Hy = +(1/+/2)M1 sin wt and S; = (1/+/2)S, 
For linear polarization in the x direction, H, = H, cos wt and S; = S, = 
3(S, + S_). Similarly, in the y direction H, = H, cos wt and 8, = 
Sy = (1/228)(S, + S_). 

The expression (7), or more correctly, the associated matrix element, 
can be interpreted as a scalar product of (a*, b*, c*) with (f’ | S| 7). 
It should be noted that, in general, all components can be complex. As 
a consequence of this interpretation, the maximum transition probability 
occurs if H,; or (a, b, ¢) is parallel in space and conjugate complex in 
phase to (’’ | S | 7). Since for real eigenvectors the matrices (8), (9), (10) 
are all real, it follows that (7i’ | S,| 7%) and (”’ | S, | 7) are real, whereas 
(v’ | S,! 7) is imaginary. Thus, for all ruby lines, the polarization for 
maximum transition probability will be a linear combination of H, and 
H, components with an H, component in quadrature. In a similar fash- 
ion, a set of complex direction cosines can be found which causes the 
scalar product of (a*, b*, c*) with (f’| S|), and hence the transi- 
tion probability, to vanish. These vectors (a, b, c) describe a plane orthog- 
onal to the vector for maximum transition probability. 

It should be noted that frequently the complete formula (6) is not used 
to evaluate and compare transition probabilities. Instead, usually only 
the squared matrix element | (i | 8, | 7) |’ is computed and this is then 
compared with a simple standard transition. The obvious standard is 
the transition —1/2— +1/2 of an S = 1/2 Zeeman doublet induced 


by circular polarization. This is described, in our notation, by 
/ ’ 2 . ° iad ‘ 

( +1/2 | I/Y2)S, | —1/2) |" = 1/2. Accordingly, transitions involv- 

ing a squared matrix element of order | or greater are considered strong, 


while perhaps 1/100 is typical of weak transitions. 
V. SPECIAL CASES 


5.1. 0 = O°, 


The energy levels are parts of straight lines y = 1 + 32, — 1 + je 
with change of slope for some of them at x = 1 and 2. Figenvectors 
are +1 and 0 only, again joined for some levels at x 1 and 2. The 
minus sign of eigenvectors at 0° has no significance; it is only used to 
preserve continuity to neighboring angles. 

At 6 = 0° and x < 2, the labeling of energy levels by high field quan- 
tum numbers in order of increasing energy is perhaps not the usual one. 
In this paper, however, it seems appropriate because, with this termi- 
nology, in going from @ = 0° to other orientations, the notation of states 
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stays the same. It may be pointed out that energy levels defined in this 
fashion should be considered as continuous functions of applied field 
without cross-overs (see Fig. 1). The reason is that any off-diagonal 
perturbation will indeed prevent levels from intercepting by perturbation 
theory arguments. 

Only three transitions are allowed: 


0O<2 : (+; , | +3) 


(+3 } S, 


It is interesting to note that, for 0 < x < 2, one transition requires 
opposite polarization from the others. This was verified in an experi- 
ment. Resonance absorption was measured for this and another transi- 
tion in a propagating comb-type slow-wave structure having regions 


of predominantly circular polarization. Reversal of applied magnetic 


field results in drastic increase of one and reduction of the other line. 


54.74°, cos 0 = 1/8. 


lor this angle, the fourth-order secular equation reduces to a bi- 
quadratic one. The four eigenvalues are y = +[1 + 32° + (32° + 
a)?!" This implies an up-down symmetry y(—”) = —y(v). The 
closest approach of the two middle eigenvalues is y(+3) — y(—4)= 
l at z 1. A similar symmetry relation holds for eigenvectors 
a(—n; —m) = (fm/| fim |)a(ni; m). As a consequence, some transition 
probabilities for linear polarization are identical, namely 


S, 
and 
5 ’ 
(+2) 8. 


The analogous is not true for other polarizations. 
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5.3. 0 = 90°. 
The secular equation can be factorized into two quadratic equations 


with the solutions 


s+ (ita +2)", 
—<+ (1-242), 


: 4 —-(l¢+a2+r)' | 


wW—-¥) = —S- (1-2 ta") 


Each state contains only two eigenvectors, namely a(fi; n) and 


a(mi;n + 2). In addition, a(fi;n) = a(n + 2:7 + 2) and a(fi; n + 2) 
—a(n + 2; n). As a result, transition probabilities between adjacent 
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Fig. 12 — Paramagnetic resonance spectrum of Cr*** ions in ruby at signal fre- 
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levels i — n + 1 contain only matrix elements of S, and S_ , the same 
° > 5 z P ae on 4 

being true for —3 — +3. Double jumps * — n + 2 are described by 

nonvanishing elements of S, only 


VI. PARAMAGNETIC RESONANCE SPECTRA 


In Figs. 12 through 17 some resonance spectra are shown for signal 
frequencies of 5.18, 6.08, 9.30, 12.33, 18.2 and 23.9 kme. The plots show 
resonance fields as functions of the angle between crystalline axis and 
applied field. Measurements have been carried out at all of these fre- 
quencies to varying extents, although measured values are recorded only 
on Figs. 14 and 15. Generally, these spectra have been used in the lab- 
oratory to align ruby crystals by resonance for maser experiments. They 
have proved accurate to about +50 gauss. 
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Measurements at 9.3 kme are an extension of Geusie’s work* and con- 
firm his results. Results at 12.33 kme show some discrepancy between 
theory and experiment, which, however, is believed to be caused by 
inadequate magnetic field measuring equipment used in an experiment 
designed for other purposes. As a general rule, the spectra show two 
looping lines if » < 2D. Lines marked “forbidden” are strictly forbidden 
at 0° only. Usually, however, they can be followed quite close to 0° by 
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use of more sensitivity in the spectrometer. An exception is the line 
shown on the graphs having the lowest resonance field at 0° if » < $D’. 
It has the second lowest resonance field if $D’ < »v < $D’ and the third 
lowest if $D’ < » < 3D’. It originates between —2 and +% eigenstates 
at 0° and is more strongly forbidden than the other forbidden lines; hence 
it usually ceases to be measurable at about 30°. 

lor reasons of symmetry, all lines approach 0° and 90° with zero slope 


dH /dé. Experimentally, it has been found that most lines are rather 


narrow at 90° and similarly at 0°, whereas they broaden in proportion 
with dH /dé. This behavior is expected from crystalline imperfections if 
these can be interpreted as fluctuations throughout the crystal of the 
direction of the crystalline axis. 
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Paramagnetic resonance for the Cr*** ion in emerald has been observed 
at X-band (8.2 to 12.4 kme), K-band (18 to 26.5 kme) and M-band (50 to 
75 kme). From spectra observed at these frequencies, the spectroscopic split- 
ting factors g,,, gx and D have been determined. The large value of D ob- 
served suggests the possible use of emerald as an active material in relatively 
high microwave-frequency solid-state masers. 


I. INTRODUCTION 


Survey articles by Bleaney and Stevens’ and Bowers and Owens’ list 
paramagnetic resonance data for crystals containing ions of the transi- 
tion groups. A careful study of these tabulated data reveals that most of 
the crystals studied are hydrated or contain several magnetically non- 
equivalent ions and, therefore, discourages the use of many of these 
crystals in a practical three-level solid-state maser (3LSSM). 

The present study was undertaken with a view to investigating crystals 
doped with paramagnetic ions which possess good chemical stability 
and which might be expected to have energy-level schemes suitable for 
extending the design of solid-state masers to higher microwave frequen- 
cies. In this article, paramagnetic resonance spectra of emerald (Cr-doped 
beryl) are reported. The large zero field splitting observed for the Cr*”’ 
ion in this crystal might suggest emerald as a possible material for use 
in the design of solid-state masers for high microwave-frequency applica- 
tions. 


Il. CRYSTAL STRUCTURE AND SPIN HAMILTONIAN OF EMERALD 
fa hl . ae a . . 
rhe structure of beryl is hexagonal with two molecules of 
(BesAlLSigQis) per unit cell. In the crystal, SiO, tetrahedra share oxygens 


* This work is partially supported by the Signal Corps under Contract Num 
ber DA 36-039 se-73224. 
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to form SigQis rings, with each Al linked to six SigQ,s rings. In the lattice, 
all Al sites are identical and the symmetry at each Al site includes a 
three-fold axis parallel to the hexagonal or c-axis of the crystal. In 
emerald, it is found that Cr substitutionally replaces Al in the beryl 
lattice and is present as Cr*** 

For the Cr**” ion in such a crystalline electric field of three-fold sym- 
metry, it is well known’ that the paramagnetic resonance spectrum is 
described by a spin Hamiltonian of the form 


K = Bl gyl1.S. + gi(—H,S, + H,S,)| + DIS? = z5(S + 1)], (1) 


with S = $ and with the z-axis taken parallel to the three-fold sym- 
metry axis which in emerald is the c-axis. In the preceding paper® the 
energy levels of the spin Hamiltonian above were discussed for arbitrary 
values of the parameters gy , gs and D and for arbitrary orientation of the 
magnetic field H with the z-axis. The notation of the previous paper is 
adopted for labeling the energy levels of (1). The energy levels are 


labeled W(%) where 7 is used to enumerate the levels in order of their 
energy and is just the high magnetic field quantum number which takes 
on the values —$, --- , +3. For example, W(—3) represents the low- 
est energy level and W(3) represents the highest energy level. 


Ill, EXPERIMENTAL WORK 


Initial paramagnetic resonance measurements of Cr**~ in a single 
emerald crystal were made at 9.309 kme. The spectrometer used for 
these X-band measurements is similar in design to that described by 
Feher.’ At 9.309 kme and magnetic fields which were available, the 
spectrum of Cr**~ in emerald consisted of a single anisotropic line. The 
effective g-value, g‘(@), of this line is plotted in Fig. 1 as a function of @, 
where @ is the angle between the magnetic field H and the c-axis of the 
crystal. The extreme values of g° at 9.309 kme. are g‘(0°) = 1.973 + 
0.002 and g‘(90°) = 3.924 + 0.004. This line was identified (taking the 
sign of D negative) as the transition W(¢) —~ W(3). The fact that 
g (90°) & 4 suggests that at 9.309 kme the frequency of observation 
is much less than the splitting of the energy levels of (1) in zero field. 
Under the condition that v, the frequency of observation, is small com- 
pared to the zero field splitting, a perturbation expression for the g° of 
the W(}) > W(3) transition is given by 


g’ = [gy + (49.” — g)°) sin’ 6}'” [ _ (27) ro), (2) 


3 sin’ @(sin’ @ — 4) 
sin? @ + 4 


where 


F(@) 





PARAMAGNETIC RESONANCE OF Crt++ IN EMERALD 
Specialization of (3) to @é = 0° and @ = 


90° gives 


g (0°) = gy, 


“(90° . iBHY 


from which it is seen that the zero field splitting | 2D | can be computed 
from measurements of g°(90°) at two frequencies small compared to 
| 2D |. Measurements at 23.983 kme gave g‘(90°) = 


= $.814 + 0.004. 
From the measurements of g°(0°) and g°(90°) at X-band and g°(90°) at 
K-band, the constants in (1) were found to be 


gy = 1.973 + 0.002, 
gz = 1.97 + 0.01, 


2D = —52.0 + 2.0 kme. 














30 40 50 60 
ANGLE, @, IN DEGREES 


Fig. 1 Variation of the effective g-value, g*, of the W(4) — W(3 


) transition 
at 9.309 kme. 
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In order to establish the sign of D, the intensity of the W(g) — 


W’() line of Cr*** in emerald was compared at two temperatures with 
the intensity of the same line of Cr’ ”~ in ruby. The measurements were 
carried out with both crystals simultaneously mounted in the X-band 
spectrometer using temperatures of 78°K and 1.6°K, respectively. The 
variation of line intensity with temperature can be predicted from Boltz- 
mann statistics if the sign of D is known. Computations were carried out, 
therefore, on this variation, assuming positive and negative signs of D 
for both ruby and emerald. The results of these calculations and of the 
measurement are summarized in Table I. It thus can be concluded that 
the sign of D for both emerald and ruby is negative. 

In order to obtain 2D more accurately, measurements were made on 
Cr°** in emerald at M-band. The millimeter wave paramagnetic res- 
onance spectrometer used was constructed by one of the authors (M. 
Peter); a block diagram is shown in Fig. 2. Microwave power for this 
spectrometer is generated by free-running backward wave oscillators 
(BWO’s). Three such BWO’s are used to cover the frequency range of 
18 to 82 kme. No resonant cavity is employed in this spectrometer; 
instead, the sample is situated in ‘straight’? waveguide so that the re- 
markably wide tuning range of the BWO’s can be used. The sensitivity 
of this spectrometer is comparable to those at low microwave frequencies 
employing resonant cavities. This is because the loss of sensitivity due 
to the absence of a cavity is compensated for by higher microwave sus- 
ceptibility and higher filling factors at these frequencies. 

At -band and for 6 = 0°, the two allowed transitions are, in our 
notation, W(—$) — W(3) and W(—3) — W(%); they are illus- 
trated in Fig. 3. Both these transitions merge at zero field with the 
transition frequency being | 2D. Both transitions were studied as a 
function of magnetic field, as shown on Fig. 4. By following them to zero 
field, the value of the zero field splitting was determined to be | 2D 
53.6 + 0.1 kme. From these X-band, K-band and M-band measure- 
ments, the best values for the constants in the spin Hamiltonian (1) for 


TABLE I 


. mOool 

R ti R Fouwy. I .6°K x | ee 78 KX 
watlo fh = = = ae 
iesi y. 78° KK | pee | l .6°K 


Computed with sign of D for 
Measured Rexp 
Emerald Ruby 


negative negative 
negative positive 
positive negative 
positive positive 


19+ 0.1 
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Fig. 2 Block diagram of the M-band spectrometer 


Cr*** in emerald are 


2D = —53.6 + 0.1 kme, 
q 1.973 + 0.002, 
g. = 1.97 + 0.01. 


This value of 2D for Cr*** in emerald is, to date, the largest zero field 
splitting which has been reported for the Cr" *” ion in any erystal. Meas- 
urements on spin lattice relaxation times in this crystal are planned, 
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{7 


Wi(s} 


INCREASING 
MAGNETIC ——> 
FIELD 


Fig. 3 Energy level diagram of Cr*** in emerald with applied magnetic field 
parallel to crystalline axis 
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Fig. 4 Plot of frequencies associated with transitions W(- 


W > W(4) at low applied magnetic fields and @ = 0°. 
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